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Green roofs are typically dominated by Sedum species because they can tolerate hot, 
xeric environments.  However, due to their high water use efficiency, some have 
questioned the selection of these species for stormwater management.  We 
investigated (1) how three common Sedum species contribute to overall stormwater 
retention efficiency by green roofs in the mid-Atlantic region, and (2) whether 
species-specific differences in water use could be explained by morphological and 
physiological characteristics.  
 
Water use and CO2 exchange were continuously monitored in growth chamber 
studies under increasing drought stress for S. album, and S. kamtschaticum, two 
species known to variably cycle between  CAM and C3 metabolisms.  Under fall 
temperature conditions, S. kamtschaticum had gas exchange rates akin to C3 
photosynthesis and used 35% more water compared to S. album.  Interestingly, S. 
album conserved water and had malic acid accumulation confirming CAM 
 
 
metabolism for the duration of the experiment, even under well-watered conditions.   
 
In field studies, sixteen replicate green roof platforms (n=4 per species) were planted 
with S. album, S. kamtschaticum, S. sexangulare, or left unplanted during summer 
2010.  The platforms were monitored intensively for canopy growth, leaf area, root 
biomass, substrate moisture and runoff for two years (2011 and 2012).  Plant 
treatment effects on stormwater runoff were significant, but most discernible for 
small and intermediate-sized rainfall events less than 62.5mm. The two species with 
the greatest stormwater retention efficiencies, S. kamtschaticum and S. sexangulare, 
also had the highest rates of evapotranspiration (ET), and higher ET rates resulted in 
less total runoff.   
 
Because evapotranspiration was identified as important for predicting performance by 
plants in the field study, I investigated how ET data from this study, combined with 
environmental data collected from a weather station at the study site, could be used to 
improve the application of the FAO56 Penman-Monteith evapotranspiration 
equations to green roofs.  The incorporation of specific seasonal crop coefficients 
were found to improve correlations between predicted and measured rates of ET and 
these coefficients were related to plant characteristics.  The refinement of ET 
equations can lead to more accurate hydrologic models of green roofs and design and 
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1. Chapter 1.   General Introduction 
1.1  Overview and objectives 
Urbanization is associated with a substantial increase in impervious surface or 
hardscape in cities (Booth and Jackson 1997).  This impervious surface is one of the 
major drivers of the urban stream syndrome (Walsh et al. 2005, Konrad and Booth 
2002), which refers to associated negative effects of impervious surface water runoff 
on stream hydrology, chemistry, and ecology.  Roofs are major contributors to this 
imperviousness, together with roads, parking lots and other hard surfaces.  Green 
roofs are examples of low impact remedial designs that involve the planting of roof 
surfaces with vegetative cover, to reduce immediate stormwater runoff.  Our 
understanding of water storage by green roofs is still relatively poor, despite much 
research that has been summarized in a few review papers (Oberndorfer et al. 2007, 
Berndtsson, 2010, Palla et al. 2010).   Additional research is necessary to understand 
the dynamics of water movement in green roof systems, including the influence of 
climate and plants. 
 
Plants typically installed on extensive green roofs which are primarily designed for 
stormwater mitigation are drought-adapted facultative Crassulacean acid metabolism 
(CAM) species of Sedum, which have the potential to cycle between CAM and a less 
water efficient (C3) metabolism, under suitable environmental conditions.  Variation 
in green roof plant performance reported in the literature (VanWoert et al. 2005, Wolf 
and Lundholm 2008, Dunnett et al. 2008) may be explained by this physiological 
variation as well as difference in key environmental parameters that vary seasonally 
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including temperature and relative humidity.  I hypothesize that transpiration by 
plants provides a putative mechanism for water removal from green roofs for 
environmental conditions in the mid-Atlantic region.    
 
The research in this dissertation is focused on three primary issues:   
1) How pronounced is the switch from C3 to CAM metabolism in facultative CAM 
species under drought stress, under what conditions does this switch typically 
occur, and how substantial is this effect on plant gas exchange and 
evapotranspiration (ET) rates?   
2) How do rates of ET compare among three common, but morphologically different 
green roof species which are the focus of these studies, namely Sedum album (L.), 
Sedum kamtschaticum (Fisch. & C.A. Mey) and Sedum sexangulare (L.). What 
are the relative seasonal differences in growth and water use between these 
species, and how do these differences change with increasing canopy coverage 
and root density?  In addition, how might stormwater retention vary during 
different seasons and for storms of different size in College Park, MD which was 
the site of this research? 
3) Can this information be assimilated into a predictive stormwater retention model 
for green roofs, with any degree of certainty?   What is the predictive capacity of 
standard ET equations, how do crop coefficients apply to green roof species, and 
how effectively can these equations be used to predict daily soil moisture loss 
from green roofs (i.e. compared with measurements of volumetric water content) 
and the resultant substrate retention capacity? 
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Conceptualizing green roofs as urban ecosystems will enable the exploration of 
design components contributing to stormwater retention, while testing fundamental 
hypotheses on relationships between green roof structure and function.  Only with a 
clearer understanding of how much rainwater green roofs can retain with varying 
evaporative conditions and planting scenarios (within regions), will urban stormwater  
planners and managers be able to consider or refine policies regarding permitting and 
incentives for this type of roof construction.   
 
1.2  Review of the Literature 
 1.2.1 Urban stream syndrome 
 
Many urban watershed are showing the negative effects of  the urban stream 
syndrome (Walsh et al. 2005), whereby hydrologic flow paths in urban areas have 
become disjoined and highly controlled, while run-off generating processes have 
changed the frequency and magnitude of storm hydrographs.  Run-off in urban 
systems is largely the result of compacted soils around constructed areas, combined 
with a reduction of pervious surface such as buildings, roads, or sidewalks (Dunne 
and Leopold 1978).  These changes reduce interception, infiltration, subsurface flow, 
and evapotranspiration (Konrad and Booth 2002).  These changes result in a much 
greater and faster delivery of stormwater to receiving water bodies such as the 
Chesapeake Bay watershed.  This increased runoff is a major mechanism by which 
inorganic pollutants such as nutrients and heavy metals, and organic compounds (e.g. 
pesticides and herbicides) are delivered to urban streams (Paul and Meyer 2001) and 
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 1.2.3 Green roof description and ecosystem services 
 
Green roofs are pervious roof designs that incorporate plants and growing media 
above a water-proofing membrane.  Instead of soil, green roof plants grow in a non-
soil media or substrate, primarily composed either of baked slate or clay, volcanic 
pumice or scoria with a low percentage of organic matter content.  Typically most 
green roof substrates exhibit high porosity and hydraulic conductivity.  Extensive 
green roofs are distinguished from intensive green roofs (typically referred to as roof 
top gardens) largely by substrate thickness; definitions are slightly variable,, but 
extensive green roofs typically only have between 6 and 15 cm (2.5 – 6 inch) 
substrate depth, due to structural roof and live load (weight) considerations 
(Berndtsson 2010). Though there are a few older greenroofs in the US, this 
technology is not as widely adopted here as in other regions of the world such as 
Germany, that has some of the highest square footage of green roof per city area 
globally (Koehler et al. 2012).  
 
The many benefits of green roofs are becoming recognized at building and watershed 
scales.  Green roofs can extend roof life and they may also absorb some of the urban 
heat island effect (Ryerson University 2005, Oberndorfer et al. 2007, Carter and 
Keeler 2008). They may even enhance urban biodiversity (Jones 2002).   Green roofs 
have been shown to retain up to 80% of potential roof runoff (Carter and Rasmussen 
2006), but this type of retention efficiency is likely only for small rainfall events.  
Most reported measures of retention efficiency are between 40 and 60% (Palla et al. 
2010), as further discussed below. 
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 1.2.4 Green roof design factors known to influence stormwater retention  
 
Carter and Rasmussen (2006) showed that green roof performance declines from an 
average of 80% stormwater retention for small storms to less than 35% for large 
storm events.  Design factors that influence water storage by green roofs include 
slope and media depth (Mentens et al. 2003, VanWoert et al. 2005, Getter et al., 
2007).  According to the German Research Society for Landscape Development and 
Landscape Design standards (FLL 2008), the target plant coverage on extensive green 
roofs is a minimum of 60%, to achieve adequate stormwater retention.  
Unfortunately, this recommendation is not based on experimental evidence, and many 
German green roofs standards are based on studies in which the test roofs were not 
planted (M. Koehler - Hochschule Neubrandenburg, Germany pers.comm; Krupka 
1992).   
 1.2.4 The role of plants in stormwater retention 
 
The importance of plants in stormwater retention in green roofs is debated.  Dunnett 
et al. (2008) found runoff volumes from vegetated green roof microcosms to be less 
than non-planted ones, but effects were only significant for non-Sedum species such 
as grasses, i.e. Festuca ovina.  For those species, inverse relationships between 
stormwater runoff and both root biomass and plant height were significant.  This 
same study found no relationship between shoot dry mass and runoff and suggests 
that other aspects of plant structure such as leaf size or branch angle may be 
important.   
A single year study of experimental green roof platforms in Michigan found that 
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green roofs held 3% more water than roofs covered with substrate but not planted, but 
these findings were not robust when the data were categorized by storm size 
(VanWoert et al. 2005).  Another outdoor study in Georgia (Prowell 2006) did not 
observe more retention by Sedum covered green roof modules compared to unplanted 
ones, and suggested this may be due to the small plants used in the study.  None of 
these studies thoroughly addressed why no plant effect on water retention was 
observed.  VanWoert et al.  (2005) suggest it was due to the harsh winter in their 
outdoor study in Michigan, but they do not report information about plant 
characteristics other than they had started with seed in late winter and achieved 100% 
coverage at the start of their study three months later.  Dunnett et al. (2008) argues for 
more detailed observation of the effects of plant structures, such as size and leaf area, 
on water capture.   
 
These differing findings about the role of plants in green roof systems could also be 
explained by the effect of differing substrate moisture content at the time of 
watering/runoff sampling, or antecedent moisture conditions. If sampling occurs too 
soon after a watering event, the effects of transpiration may be masked by high rates 
of evaporation from both planted and unplanted experiments.  This argument was 
used to explain lack of increased stormwater retention by vegetated green roofs 
compared to non-vegetated ones for the cool winter rainy season in Orgeon (Schroll 
et all 2011).  Conversely, weeks after a watering event, both transpiration and 
evaporation may be negligible due to lack of water availability.  Green roof plants 
may enhance stormwater retention at a certain rain frequency, but these effects could 
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be negligible in the context of the annual water cycle.   Outside of rain frequency, the 
other two factors influencing substrate moisture content (VWC) of a green roof at any 
specific time are the quantity of water retained by the substrate due to previous 
rainfall and subsequent evapotranspiration.   
 1.2.5 Studies comparing different plant species.  
 
As of 2009, only a dozen or so studies of green roof vegetation were found in peer 
reviewed journals, and the findings of such research is often hard to compare to 
different types of green roof systems used or lack of reporting thereof (Dvorak and 
Volder 2010).  Many of these earlier studies confirmed that succulents outperformed 
both grasses and herbaceous plants in terms of survival on thin, dry, extensive green 
roofs (Dvorak and Volder 2010).  One notable exception was big bluestem grass, 
Andropogon gerardii, that was able to persist on two non-irrigated extensive roofs in 
Chicago, IL (Dvorak and Carroll, 2008).  More recent work has shown some 
interesting comparisons between Sedum species and drought adapted native 
herbaceous plants.  In Canada, Artemisia stelleriana had the highest rates of 
transpiration compared to other plant species including Sedum floriferum and Sedum 
album in a module study (Grant 2013).   In a roof top pot study in Colorado, seven 
different herbaceous species were found to survive greater than two weeks before 





 1.2.6 Factors influencing substrate moisture content 
 
1.  Water holding capacity 
  
Green roof plants may sequester more water than unplanted roofs, increasing water 
holding capacity by adding organic matter to the substrate (Berghage et al., 2007).  A 
greenhouse study simulating summer conditions in Nova Scotia, Canada (Wolf and 
Lundholm, 2008) found that green roof plants reduced runoff by 1/3 compared to 
unplanted experimental test pots, but only under dry conditions where plants were 
watered to field capacity every 24 days.  They attributed these findings to both 
lowered ET rates due to shading as well as greater substrate water holding capacity, 
due to plant roots.   
 
Although there has been historical debate as to whether or not increased  percentages 
of organic matter increase substrate water holding capacity, the majority of studies 
that control for other factors such as particle size find this relationship to be positive 
(Huntington 2006; Hudson 1994).  Getter et al. (2007) suggest that increases in 
organic matter were responsible for a three-fold increase in water storage, though this 
was not the focus of their study.  According to the authors, over a period of five years, 
the substrate water holding capacity increased from 17 to 67%, and organic matter 
content increased from 2.33 to 4.25 percent.   
2.  Evapotranspiration  
Most green roofs are planted with species that are tolerant of very harsh roof climates, 
including extremes of temperature, wind and drought (Snodgrass and Snodgrass 
2006).  Many of these plants have a Crassulacean Acid metabolism (CAM), whereby 
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plants are able to keep stomata closed during the day to conserve water lost through 
transpiration, and open them at night to take in carbon dioxide (CO2).  The CO2 is 
then fixed in the form of malic acid; malate salts are then converted to pyruvate and 
CO2 which is supplied to the Calvin cycle for respiration during the day (Wolf 1960).  
The range of ET from four green roof experiments conducted globally in greenhouses 
and on rooftops, and summarized by Sherrard and Jacobs (2012) was on average, 
between 0.37 and 3.5 mm/day.  Daily averages from an experimental module on a 
rooftop in New Hampshire reported by Sherrard and Jacobs (2012) of 0.9mm/day 
indicate that ET was not maximized most of the time.  Though most Sedum species 
have some CAM metabolic capability, it is known that some Sedum species can cycle 
between CAM and C3 metabolism during times of adequate water availability 
(Cushman and Borland 2002).  This interaction between climate and the physiological 
state of the plant may be especially important in climates with frequent rain events; 
by switching to a metabolically more efficient (but less water efficient) C3 
metabolism, plants can remove water from green roofs more quickly under well-
watered conditions. 
 
 1.2.6 FAO56 ET equations and green roof modeling  
 
Since ET is difficult to quantify in real-time because of changing environmental 
fluxes, it is often modeled on a daily basis.  Attempts to adapt numerous existing ET 
equations such as the Hargreaves Samani, the Penman Monteith and the FAO56 
version of the Penman Monteith equation (Rezaei and Jarrett 2006, Schneider, Hilten 
2004, Prowell 2006) have been somewhat successful.  These equations were also 
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included in a study by Voyde (2011) which tested several additional equations and 
found the FAO version of the Penman-Monteith (FAO56, Allen 1998) to be the most 
robust tool for predicting ET for green roof experiments using D. australe and S. 
mexicanum.   
 
The FAO56 equation is derived from the Penman Monteith equation.  The Penman 
Monteith equation (Equation 1) for calculating ET combines two approaches: a mass 
balance approach and an energy balance approach.  The mass balance approach 
assumes water will diffuse away from the leaf surface in direct proportion to the 
vapor pressure deficit (VPD) of the surrounding air and the velocity of the wind at 
any given time.  The energy balance approach infers ET from the difference between 
energy going into and out of the leaf, assuming no storage component.    The format 

























 ... Equation 1 
where Rn is net radiation at the crop surface, G is soil heat flux density, ρa is the 
density of water, cp is the specific heat of dry air, es is saturation vapor pressure, ea is 
actual vapor pressure, rs is the canopy surface resistance, ra is the bulk surface 
aerodynamic resistance, and ∆ is the slope of the vapor pressure curve, and γ is the 
psychometric constant.   This is a widely used equation; further details about how to 
apply this equation can be found in a variety of textbooks (e.g., Campbell 1998).  
 
The FAO version of the Penman Monteith equation (Equation 2) assumes some 
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constant parameters for a clipped grass reference crop, i.e., a surface resistance of  



















ET  ... Equation 2 
where T is the average daily temperature and u2 is average daily wind speed.  The 
equation can be adjusted for different crops by a “crop coefficient” multiplier (Figure 
1.2; kc value) to account for species-specific differences in ET. Kc is calculated as the 
ratio of ETo to actual ET.  For seasonal crops, different values are typically assigned 
throughout the year for changes in growth (leaf canopy).    
 
A further adjustment is made to account for less than well-watered conditions, by 
introducing a water stress coefficient, ks (Chapter 8; Allen et al. 1998).  This equation 








      ……Equation 3 
 
where TAW is total available water, Dr is root zone depletion (mm), i.e., water deficit 
relative to field capacity, and RAW is water that is readily available to the plant 
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In contrast, mechanistic models of the green roof water cycle switch the focus on the 
underlying structures and functions responsible for stormwater storage by these 
systems.  Mechanistic models are usually much more flexible to a wide range of data 
inputs.  Current mechanistic models of green roofs are adaptations of the Hydrus 1-3-
D models with green roof parameters (Prowell 2006, Palla et al., 2009).  These have 
been proven to predict aspects of the green roof water cycle, such as spatial variation 
in substrate moisture content, very well, especially for the intensive roof in the latter 
Italian study.  At the same time, Hydrus does require substantial parameterization 
(Prowell 2006) and possibly too much extraneous information.  For example, these 
models predicted ET using the FAO Penman-Monteith equation, and more work is 
needed to adapt these equations for green roofs.  A refined approach to 
parameterizing ET equations for these models is needed to improve mechanistic 
models.  
 1.2.7 Conceptual water balance model 
 
Figure 1.4 describes a simple conceptual water balance model that illustrates how 
stormwater retention by green roofs might vary, associated with changes in daily 
environmental factors, plant characteristics and rainfall patterns, such as storm 
frequency and intensity.     The elements of the basic water balance are shown in blue 
(Figure 1.4).  I expect plant characteristics to have an effect on this balance and these 
influences may be related to coverage, height, leaf area index, and succulence (Figure 
1.4 shown in green). Of course this influence is constrained by environmental 
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different physiological responses by these species.  I predicted that Sedum album would 
switch to CAM metabolism at a higher moisture content, and as such be more tolerant 
to drought with a greater water use efficiency.  
 
In the field, 16 experimental green roof platforms were constructed and planted in 
either S. album, S. sexangulare, S. kamtschaticum or left unplanted (n=4).   I predicted 
that (a) planted green roofs would have higher water-holding capacities than  non-
planted ones and a positive correlation between substrate WHC and root biomass would 
be observed over time;  (b) planted  platforms would have higher rates of ET, which 
would be correlated with leaf area and total leaf area; (c) planted green roofs would 
have greater overall stormwater retention efficiencies, and that differing efficiencies 
could be related to species-specific differences in ET and WHC between rainfall events. 
 
Finally, data from the aforementioned experiments were used to parameterize the 
FAO56 ET equations and to generate kc coefficients for the different species by 
seasons over two years.  These rates of ET were tested in simple water balance 
models. I predicted that kc values would vary by season for each of the different 
species investigated, which could be used to increase the precision and accuracy of 





2. Chapter 2.  A comparison of CAM expression and water use 
efficiency by Sedum album and Sedum kamtschaticum, with 
decreasing water availability 
2.1  Introduction  
Crassulacean acid metabolism (CAM) is the process via which plants fix carbon 
dioxide (CO2) in the form of malic acid at night, so it can be metabolized the 
following day with stomates closed, which reduces plant water loss (Wolf 1960).  
There are many proposed evolutionary benefits of this process ranging from a 
reduced need to compete for CO2 in aquatic plants, to photoprotection and enhanced 
reproduction; however, it is primarily thought to be an adaptation to drought stress in 
land plants (Herrera 2009).  Four stages of CAM (Osmond 1981, Dodd et al. 2002) 
have been described: 1) nocturnal uptake of CO2 and fixation by 
phosphoenolpyruvate carboxylase; 2) a short period of CO2 uptake with stomates 
opening at dawn; 3) daytime release and assimilation of CO2 via the Calvin cycle; and 
4) a final period of stomatal opening at dusk when stored acid has been depleted.   
 
Varying degrees of CAM have been described, ranging from “CAM idling” whereby 
plants recycle their respiratory CO2 (Martin et al. 1988, Borland and Griffiths 1990), 
to obligate CAM, to “CAM cycling” in which plants switch between CAM and C3 
photosynthesis (Borland 1990, Cushman and Borland 2002, Dodd et al. 2002, Luttge 
2004).  Important environmental cues eliciting CAM response from CAM cyclers 
include temperature and climate (Kluge 1977, Schuber and Kluge 1981, Pilon-Smits 
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et al. 1991), water availability (Osmund 1989, Cushman and Borland 2002), light 
(Brulfert et al. 1973), and nutrient availability (Nobel 1983).  Though general patterns 
are emerging, the relative importance of these CAM triggers has been shown to be 
species-specific (Pilon-Smits et al. 1991).   
 
Sedum species constitute a large number of the CAM species described in the 
literature (Smith and Winter 1996, Sayed 2001), and economic and ecological interest 
in this genus has grown in recent years due to their use for green roofs (Snodgrass and 
Snodgrass 2006). Green roofs are living roof systems that incorporate planted 
substrate above waterproofing and roof drainage layers.  These roofs provide a 
number of ecosystem services, including stormwater management (Oberndorfer et al. 
2007, Palla et al. 2010).  Sedum species are especially successful in green roof 
installations in the American northeast and Midwest (Duhrman et al. 2006, Butler and 
Orians 2011), where green roof habitats are analogous to open rocky areas such as 
shale barrens (Lundholm and Marlin 2006).  The long-term success of Sedum in these 
green roof installations has been attributed to their drought tolerance and CAM 
metabolism (Duhrman et al.  2006).  At the same time, it has been questioned whether 
Sedum species are able to contribute to stormwater management by green roofs if the 
plants are not contributing as much as C3 plants would, to roof water loss between 
storms (Wolf and Lundholm 2008).  CAM cyclers, with the ability to use water 
rapidly when it is available but also conserve water in times of drought, may be the 




Environmental factors which trigger CAM are better understood for some green roof 
species such as S. album, compared other species such as S. kamtschaticum, a broad 
leafed Sedum native to central China and Siberia (Stephenson 1994).  In fact, the 
status of the latter as a CAM species, has been questioned (Kim and Choo 2007), 
while some have classified it as a facultative species (Lee and Kim 1994).  Sedum 
album, native and common to most areas of Europe (Stephenson 1994), is a 
facultative CAM plant, and induction is thought to be triggered by many factors,  
including drought, leaf turgor, light (Bachereau et al. 1998), and particularly 
temperature (Earnshaw et al. 1985, Sayed et al. 1994, Castillo 1996). 
 
Less is known about how photosynthetic plasticity might affect water use efficiency 
by CAM plants and thus, overall green roof water balance. Estimates of water use by 
CAM plants in natural systems have been variable (Herrera 2009).  The water use 
efficiency (WUE), or amount of water used relative to carbon fixed, of several Sedum 
species, S. kamtschaticum and S. album excluded, was not significantly related to the 
amount of nighttime CO2 fixed (Gravatt and Martin 1992). This may be due to the 
influence of morphological features of these plants that aid in water conservation 
independent of stomatal opening (Herrera 2009).  Results may be different comparing 
responses within vs. among species. Virzo de Santo and Bartoli (2009) found water 
use efficiency to increase with increasing drought stress for the CAM plant Cissus 
quadrangularis. Finally, one challenge to understanding the relationship between 
CAM and WUE may be the scale and duration at which investigations are conducted; 
most have typically measured gas exchange from a few detached leaves or shoots for 
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a few hours. Few, if any, previous studies have investigated water use efficiency for 
CAM plants continuously at the whole plant scale.   
 
The objectives of this study were to 1) compare CO2 exchange, rates of 
evapotranspiration (ET), and water use efficiency for Sedum album and Sedum 
kamtschaticum, two commonly used green roof species, and 2) assess the effect of 
CAM cycling on water use efficiency with increasing drought stress at the whole 
plant scale. I predicted that S. kamtschaticum would enter into CAM photosynthesis 
at lower VWC than S. album and that this would affect overall carbon gain, ET rates, 
and WUE.   
 
2.2  Materials and Methods  
Two separate experimental trials were conducted to address these questions.  The first 
experiment took place during March 2011; the second was conducted during 
September 2012.  
 2.2.1 Experiment One 
Plant Preparation:  S. album and S. kamtschaticum were started as plugs in early 
October, 2010 and grown for approximately five months in plastic containers (16.5 L) 
with holes in the bottom for drainage, filled to a depth of ten centimeters with 
approximately 5 kg of green roof substrate  (M2 substrate, Stancills Inc., Perryville 
MD).  The substrate was a baked clay with an initial bulk density of 0.75g/mL, with 
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Gas Exchange Measurements.  This gas exchange system (van Iersel and Bugbee 
2000) has been used in numerous physiology studies and is described in detail (Kim 
and van Iersel 2011).  The CO2 exchange from eight planted containers, each within 
its own acrylic gas exchange chamber was continuously measured and recorded using 
a datalogger (CR10T; Campbell Scientific, Logan, UT). Air flow through each gas 
exchange chamber (≈17 mmol s−1) was measured with mass flow meters (HFM200; 
Teledyne Hasting Inst., Hampton, VA) and the difference in CO2 concentration 
between the air entering and exiting the gas exchange chambers was measured with 
an infrared gas analyzer in differential mode (LI-6262; Li-Cor, Lincoln, NE).  Whole-
plant CO2 exchange rates (μmol s
−1) were calculated as the product of mass flow  
(mol s−1) and the difference between the CO2 concentration of the air entering and 
exiting chamber (μmol mol−1). Two empty gas exchange chambers were placed 
outside of the growth chambers and were measured to determine the zero drift of the 
differential CO2 analyzer. Gas exchange data were corrected for this zero drift by 
subtracting the CO2 exchange rate of the empty chambers from that of the chambers 
with plants in them.  The CO2 exchange of each chamber was measured for 30 s, once 
every 10 min.  The daily light period in each chamber was 12 hours, and 
photosynthetically active radiation (PAR) was approximately 400 µmol m-2 s-1 at the 
canopy level.  Plants were kept well watered until March 11, 2011 when the 
experiment began, and watering ceased.  Environmental variables (temperature, 
relative humidity, CO2 concentration, vapor pressure deficit) were monitored 




2.2.2.  Experiment Two 
Plant Preparation.  Seedlings of S. album and S. kamtschaticum  were grown from 
plugs (Emory Knoll farms, Street, MD) in the same plastic containers described for 
experiment one.  Starting in late March of 2012, four replicate containers with six 
plants of each species were maintained in a growth chamber for four weeks in 
College Park, MD.  Plants were kept on a 12 hour light cycle at 15 and 10 °C during 
light and dark periods respectively at PAR levels of approximately 1100 µmol m-2 s-1 
using high intensity (HID) lights, watered weekly to saturation, and drained to field 
capacity.  After two weeks, temperatures for both dark and light periods were 
increased by 5 °C, respectively.  In early May 2012, irrigation ceased and plants were 
brought outside the greenhouse facility at the University of Maryland, College Park, 
MD, where they remained until 19 September, 2012.  During this time average air 
temperature ranged from 16-25 °C, average relative humidity was 65%, and average 
daily PAR was 473 µmol m-2 s-1.  In September, the trays were transported to Athens 
Georgia, where the gas exchange experiments were conducted. 
 
Gas Exchange and Daily Carbon Gain.  Gas exchange experiments were conducted 
following the same protocol for experiment one, except the day / night temperature 
regime was varied.  On average, chambers were kept at 19.5 °C during the day and 15 
°C at night, as these temperatures are typical for the month of September in Maryland 
(Appendix D).   The photoperiod was 12 hours, and PAR at the canopy level ranged 
from 331 to 363 µmol m-2 s-1 among chambers.  Daily carbon gain was calculated as 
the net carbon assimilated by each species over a 24-hour period.   
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Water use monitoring and water use efficiency.   Plants were thoroughly watered on 
both 20 and 21 September, at which point gas exchange and soil moisture monitoring 
began.  Trays were not re-watered until Day 22 of the experiment (12 October) and 
again on the 15 October.  The volumetric water content (VWC), reported here as the 
volume of water/total volume sensed basis, of each tray was measured by a soil 
moisture sensor (5TM, Decagon, Pullman, WA), placed in the center of each 
container, vertically positioned at 2.5 cm depth, and parallel to the long side of the 
container.  The Echo-TM sensors were calibrated for this M2 green roof substrate, 
following the Decagon calibration procedure (Cobos and Chambers 2010).  Due to 
the rapidly draining feature of this substrate, the calibration procedure was amended 
to include one point relating sensor output to VWC at conditions above field capacity 
(see Appendix B).  The weights of each container were also recorded continuously by 
individual load cells (ESP-10; Transducer Techniques, Temecula, CA).  Daily 
evapotranspiration was calculated as the total water weight lost from each container 
of plants over a 24 hour period, expressed on a shoot dry weight basis.  Water use 
efficiency was calculated as daily carbon gain divided by daily evapotranspiration.   
 
Plant Harvest and Malic Acid Analysis.  Approximately five grams of plant material 
were harvested from each tray at the beginning and end of the light cycle on two 
occasions during the study.  The first sample set was taken on the evening of Day 22, 
and on the morning of Day 23 at which point VWC for S. kamtschaticum and S. 
album was 0.04 and 0.07 m3 m-3, respectively.  The second set of samples were taken 
one week later after re-watering on Day 29 and 30 when VWC averaged 0.18m3 m-3 
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and 0.21m3 m-3 for S. kamtschaticum  and  S. album, respectively.  Samples were 
frozen in liquid nitrogen and stored at -80 °C.  These plant samples were analyzed for 
malic acid content in early January 2013.  Approximately one gram of sample was 
thawed, ground in 3 mL of malic acid buffer, and centrifuged.  Malic acid in the 
supernatant was determined via spectroscopy (Spectrogenesis III) according to an 
adaptation of Mollering (1974), modified by Unitech Scientific, CA.  At the end of 
the experiment, the remaining aboveground plant material was harvested and dried at 
80 ºC for two weeks before dry weights were determined.      
 
Experimental Design and Statistical Analysis. The experimental design for both 
experiments was a randomized complete block design with four replicates of each 
plant species.  All differences in experimental response variables including overall 
water use and daily carbon gain, were compared between treatments using t-tests for 
equal variance in Excel (Microsoft Corp. Seattle WA).  The same test was also used 
to compare average experimental conditions including temperature, relative humidity, 
CO2 concentration, as well as plant and tray dry weight, for each treatment.  Malic 
acid concentrations at the beginning of dark and light periods were compared for each 
species using paired t-tests.  
 
2.3  Results  
2.3.1 Materials used and experimental conditions 
Small but significant differences were observed in the dry weight of the materials 
used in both experiments (Table 2.1).   For experiment one, the average dry weight of 
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the S. album plants (41.62 ± 2.8) was significantly different (p= 0.035) from that for 
S. kamtschaticum (29.97±3.4).  The dry weights of the containers, including substrate, 
used in experiment are unavailable.  For experiment two, the dry weight of the 
containers planted with S. album, not including plant material, was on average 4 % 
less than that of the trays in which S. kamtschaticum were planted, but this difference 
was not significant (p = 0.056).   
 
Table 2.1  Average aboveground biomass (g) from both experiments.  Asterisks 
indicate significant differences between species (t-test, p<0.05).  Standard error (SE) 
is also indicated. 
 
 S. album SE S. kamtschaticum SE t 
Biomass 
Experiment 1 








The average dry weight of the S. album plants (43.44 ±2.6 g) used in study 2 was 
30% greater that of S. kamtschaticum (31.87±2.5 g, p= 0.032).   Because of these 
differences, we normalized our physiological data based on plant dry weight. 
Experimental conditions are provided in Table 2.2.  Temperature settings were very 
constant throughout the study period and on average deviated less than 2 ºC from 
desired set points.  Relative humidity declined as the experiment progressed and 




Table 2.2.  Environmental conditions averaged, for dark and light periods, for all four replications of 
each treatment.  Minimum (Min), maximum (Max), and average (Avg) values for all days of the 
experiment from 9/21 until re-watering on October 12 are also provided.     
 
Parameter Period S. Album S. Kamtschaticum 
        




dark 52.27 60.14 77.65 50.82 58.79 79.25 





dark 0.42 0.76 0.97 0.39 0.79 0.93 




dark 16.33 16.58 20.33 16.26 16.55 20.29 






369.40 420.40 485.57 372.95 418.90 490.40 
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2.3.2  Volumetric water content and evapotranspiration 
Throughout Exp. one net CO2 exchange was rarely above zero during the dark hours 
(Fig. 2.6a), for reasons explained in the discussion.  Because we did not observe 
CAM, nor any species-specific differences during Exp one, results presented refer to 
Exp. two, unless noted.  The range of substrate VWC was similar for both species 
from a maximum of 0.28m3 m-3 to a minimum of 0.04 m3 m-3 (Fig. 2.2).  After re-
watering, water content increased to 0.26 and 0.25 m3 m-3 for S. album and S. 
kamtschaticum, respectively.   
 
Rates of evapotranspiration were higher during the day than at night for both species, 
demonstrated by the stepwise decline in VWC (Fig. 2.2).  For S. kamtschaticum day-
time rates were four times higher than night-time rates, and this proportion increased 
as the experiment progressed.  For S. album, day-time rates were only three times as 
great as night-time rates and this proportion decreased as the experiment progressed 
(Fig. 2.3).  Evapotranspiration was reduced with decreasing VWC, and was sigmoidal 
for both species (Fig. 2.4).  For S. album, total daily ET ranged from 213mL at 0.21 
m3 m-3 VWC, down to 28mL at 0.05 m3 m-3 VWC, before correcting for dry weight.  
Dividing by the surface area of the containers (984cm2) results in an ET range for S. 
album of 2.15 to 0.28 mm day-1.  For S. kamtschaticum, total daily rates of ET  (before 
correcting for dry weight) ranged from 287mL at 0.25 m3 m-3 VWC down to 12mL at 
0.02 m3 m-3 VWC, equivalent to an ET range of 2.91 to 0.12 mm day
-1.  After 
correcting for average dry weight, the ranges were 0.04 to 0.006 mm d-1 gdw-1 for S. 
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Figure 2.5 Changes in CO2 exchange after watering ceased by each species for 
(a) experiment one and (b) experiment two.  The blue line indicates re-watering. 
Gray and white lines distinguish between light and dark periods. Average rates 
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Figure 2.7b-c CO2 exchange for S. album (red) and S. kamtschaticum (green);  
(b) on 9/30/2012, day 10 of the study, at on average 0.13 and 0.07 m3m-3 VWC, 
respectively, and (c) on the driest day of the experiment, 11/11/2012, day 21 of the 
study, at on average 0.06 and 0.08 m3m-3 VWC, respectively.  
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Figure 2.8 Daily carbon gain as a function of substrate water content during a 
gradual dry down and following re-watering for S. album (red, black) and S. 
kamtschaticum (green, grey). 
 
2.3.5  Water use efficiency 
Sedum album became increasingly water efficient with drought stress, and WUE for 
S. kamtschaticum remaining constant before rapidly declining at around 0.08m3 m-3 
VWC (Fig. 2.9).  In total, 45.82 (±4.15) and 68.87 (±8.15) g of water 
evapotranspired from S. album and S. kamtschaticum containers per gram of plant 
dry weight respectively; this 35% reduction in ET for S. album compared to S. 



































S. album after rewater
S. kamtschaticum after rewater
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Figure 2.9  Water use efficiency (WUE) relative to VWC  for S. album (red) and 
S. kamtschaticum (green). 
 
 
2.4  Discussion 
2.4.1. Experiment 1: Results and Implications 
During the first experiment (Fig. 2.6A), neither plant species strongly demonstrated 
CAM metabolism. The most plausible explanation for this was the constant day and 
night temperature; diurnal variation in day and night temperatures are optimal for 
growth in this species under drought stress, and it is presumed that being able to 
switch to CAM metabolism during drought was responsible for this increase in 
growth (Sayed et al. 1994). Other CAM species such as S. acre have also been 
shown to require a variation in day and night temperature in order to switch into 
































species used on greenroofs, this could present a challenge for Sedum species in 
geographic areas that do not experience large shifts in day and night temperatures 
(Livingston et al. 2004).   
 
Furthermore, green roof substrates which are known to retain heat well into the 
night (Susca et al. 2011) create dampened temperature cycles which could impede 
CAM.  Plant age or size may have also influenced induction, but this is less likely.  
Ontogenetic CAM induction for Mesembryanthemum, the species for which this 
phenomenon is most referenced, has been shown to be more influenced by salinity 
and relative humidity (Winter and Holtum 2005).  Further research is necessary, but 
it is likely a lack of CAM in the first experiment was due to the constant day/night 
temperatures used in this experiment.   
 
2.4.2  Comparing carbon exchange and  acid accumulation 
In contrast during Exp. two, both species demonstrated all four stages of CAM 
metabolism (Osmond 1981, Dodd et al. 2002) with some modification (Fig. 2.5b; 
Figs. 2.6a-c).  Both plant species clearly showed stages 2-4, i.e., where CO2 
exchange is highest just after dawn, reduced during the midday hours, and increased 
again at dusk.  Sedum album demonstrated this pattern throughout the experiment, 
but for S. kamtschaticum, this pattern only becomes markedly clear around Day 14, 
at 0.08 m3 m-3 VWC.  Stage one of CAM, whereby CO2 exchange becomes positive 
at night was also evident throughout the experiment for S. album, and nighttime 
exchange increased with drought stress for this species.  For S. kamtschaticum 
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positive nighttime CO2 exchange was minimal, but did occur between Days 17- 26 
at range of 0.06-m3 m-3 substrate moisture content (Fig. 2.5b; Figs. 2.7a-c).   
These results indicate that S. album was carrying out CAM metabolism throughout 
the experiment; they are supported by increased concentrations of malic acid 
observed in plant tissues at the end of the dark period on Day 23 at 0.07 m3 m-3 
VWC  (Fig. 2.7) compared to concentrations at the beginning of that dark period.  
Sedum kamtschaticum was carrying out C3 photosynthesis at the onset of the 
experiment.  Net CO2 eventually became positive at night, but not until Day 23 at 
very low substrate water content (0.04 m3 m-3); average malic acid content was 
higher at the end compared to the beginning of the dark period, though this 
difference was not significant.  I therefore conclude that this species is capable of 
CAM metabolism, though night-time carbon assimilation was small. Of course, it is 
possible that I did not find the key set of environmental variables that trigger a 
strong CAM response in S. kamtschaticum.  
 
2.4.3  Species effects on water use efficiency and evapotranspiration 
Sedum album demonstrated a clear increase in water use efficiency with increasing 
drought stress (Fig. 2.9) because of its ability to maintain steady carbon gain (Fig. 
2.8), but showed decreased water use (Fig. 2.4) as VWC decreased from 0.15 m3m-3 
to 0.06 m3 m-3.   S. kamtschaticum was the most water efficient while undergoing 
C3 metabolism under well-watered conditions.  The carbon gained during C3 
photosynthesis was so much greater than that gained during the CAM phase starting 
at 0.06 m3m-3 VWC on day 14 (Figs. 2.5b and 2.8), that WUE declined under 
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drought stress even when water consumption decreased (Figs 2.3-2.4). The range of 
WUE efficiency reported here, from 5 to 150 µmol CO2 g
-1 H2O translates to about 
0.23 to 6.75 mg CO2 g
-1 H20, which was lower than values reported for other Sedum 
species from 9.6 to 18.7 (Gravatt and Martin 1992); this may be explained by lower 
rates of CO2 exchange measured in our experiment.   Decreased water use by S. 
album in CAM was evidenced by reduced overall rates of evapotranspiration 
compared to S. kamtschaticum (Figs. 2.2 - 2.4).  Findings also suggest that CAM 
can prolong water availability (Fig. 2.3 - 2.4).  Despite its larger aboveground 
biomass, the decline in VWC was much more gradual for S. album than for S. 
kamtschaticum (Fig. 2.2).   
 
2.4.4  Implications for the green roof industry   
The implications of these findings for green roofs depends on how frequently either 
species is induced into CAM, and for how long in different climates.  For 
geographic areas with extended dry periods, or dry green roof microclimates such 
as at the top of a roof slope, S. album is probably the preferred species, compared to 
S. kamtschaticum since it strongly conserves water.  In Michigan, S. album was the 
most persistent in green roof platforms with thin layers of substrate (Rowe et al. 
2012).   In cooler, wetter times, this species may not transpire water fast enough to 
contribute substantially to green roof stormwater efficiency.   Nevertheless, in the 
Pyrenees, carbon isotope analysis revealed that S. album gains most of its carbon 
through C3 photosynthesis, and it was speculated that this is due to rapid growth at 
the beginning of the growing season (Earnshaw et al. 1985).  Future work might 
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compare plant success rates in different climates over longer time periods (i.e., 
Pilon-Smits et al. 1991), taking into account the effects of drought on growth and 
water use efficiency of various obligate and facultative CAM plants.  Furthermore, 
this study provides insight about the level of drought at which green roof plants 
experience physiological stress.   
 
This information can be used to parameterize evapotranspiration equations (Allen et 
al. 1998)  that require information about plants such as wilting point or stomatal 
conductance that would help us better understand stormwater management by green 
roofs (Prowell 2006).  For example, traditional approaches to determining wilting 
point as a quantity of water held in soil at a given pressure (-1500J/kg) may not 
apply to porous green roof substrates planted in plants that rarely show physical 
signs of wilting.  In contrast, according to Fig. 2.8, a value of 0.06 m3 m-3 could be 
chosen as a “wilting point” for S. kamtschaticum because a negative daily carbon 
gain was found for this species under these conditions.  Sedum album did not show 
a negative carbon gain throughout the study, so wilting point may be determined 
based on relationships in Figs. 2.1 – 2.2.  A VWC of 0.04 m3 m-3 might be 
considered a wilting point for S. album because at this point the change in ET with 
VWC becomes very low.  These values are substantially lower than those measured 
by others for green roofs of 0.12 and 0.14 m3 m-3 (DiGiovanni et al. 2013, Voyde et 





2.5  Conclusions 
Three weeks of replicated, continuous data on water use and CO2 exchange of two 
different facultative CAM species support our prediction that these two different 
succulent species can have variable physiological responses when substrate 
moisture becomes limiting.  In our experiment, S. kamtschaticum outperformed S. 
album in terms of carbon gain and WUE at VWC above 0.07 m3 m-3.  Interestingly, 
S. album was photosynthesizing via CAM, growing more slowly and using less 
water (Figs. 2.8, 2.3 – 2.4), even at the start of the experiment under well-watered 
conditions, suggesting that other induction mechanisms besides drought stress 
might also be important for this species.  Nevertheless, these findings suggest that 
S. album was the more drought tolerant species under the environmental conditions 
in this experiment, gaining more carbon and using water more efficiently at 
substrate water contents below 0.07 m3 m-3.  This data further supports suggestions 
by others (Cushman and Borland 2002) that a main purpose of CAM is to promote 
survival via prolonged water availability coupled with a consistent, if low, level of 
carbon gain.    
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3. Chapter 3.  The comparative effects of three different Sedum 
species on stormwater retention by experimental green roof 




Our understanding of factors contributing to rainfall storage efficiency by green roofs 
is still relatively poor, despite a number of review papers on this subject (Oberndorfer 
et al. 2007, Palla et al. 2010).   More research is necessary to understand the dynamics 
of water movement in green roof systems, including the impacts of different climates 
and plant species.  Green roofs have been shown to retain up to 80% of potential roof 
runoff (Carter and Rasmussen 2006), but this type of efficiency is likely only for 
small (<12mm), interspersed and low intensity rainfall events.  Most reported 
measures of retention efficiency are between 40 and 60% (Mentens et al. 2006, Carter 
and Rasmussen 2006, Palla et al. 2010), and many of these studies rely on short-term 
(< 1-year) studies. 
 
Design factors such as roof slope and media depth (Mentens et al. 2003, VanWoert et 
al. 2005, Getter et al. 2007, Dunnett et al. 2008) influence the efficiency of how 
rainfall is stored by green roofs. According to the German Research Society for 
Landscape Development and Landscape Design standards (FLL 2008), the target 
plant coverage on extensive green roofs is a minimum of 60%, to achieve adequate 
stormwater retention.  Unfortunately, this recommendation is not based on 
experimental evidence, and many German green roof standards are based on studies 
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in which the test roofs were not planted (M. Koehler - Hochschule Neubrandenburg, 
Germany pers.comm, Krupka 1992).   
 
The importance of plants for removing water from green roofs has been debated.  
Dunnett (2008b) found runoff volumes from vegetated green roof microcosms to be 
less than from non-planted ones, but significant effects were only noted for non-
Sedum species such as grasses.  Inverse relationships between stormwater runoff and 
both root biomass and plant height were significant.  This same study found no 
relationship between shoot dry mass and runoff and suggests that other aspects of 
plant structure such as leaf size or branch angle may be important.  A year-long study 
of experimental green roof platforms in Michigan in 2002 found that green roofs held 
3% more water than unplanted roofs covered with substrate, but these findings were 
not robust when the data were categorized by storm size (VanWoert et al. 2005).  
Another outdoor study in Georgia (Prowell 2006) did not observe more retention by 
Sedum comparing planted vs. non-planted green roof modules, and they suggested 
this may be due to the small size of plants used in the study.   
 
None of these studies thoroughly addressed why there were no observed effects of 
plants on water retention.  In the VanWoert et al. (2005) study, it was suggested that 
the harsh winter in their outdoor study in Michigan may have been responsible, but 
they do not report information about plant characteristics, other than they had started 
with seed and achieved 100% coverage at the start of their study three months later.  
Dunnett et al. (2008) argues for more detailed observation of the effects of plant 
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structures on water capture, such as size and leaf area.  A lack of plant treatment 
effect on green roof performance could also be explained by known variations in 
green roof performance at different rain frequencies (Stovin et al. 2012).   If rainfall 
events occur within a few days, the effects of transpiration could be masked by the 
low retention capacity of the system, with little opportunity to transpire water from 
the green roof substrate.  Conversely, if a number of weeks pass between rainfall 
events, both transpiration and evaporation may be negligible due to lack of water 
availability.  Green roof plants may therefore enhance stormwater retention at a 
certain rain frequency, but significant evapotranspirative effects could be negated by 
frequent rainfall events.  In addition to rain frequency, the other two major factors 
that could influence substrate volumetric moisture content (VWC) of a green roof at 
specific times are: (1) substrate water-holding capacity (WHC) and (2) rates of 
evapotranspiration (ET).    
 
With regard to WHC, planted green roofs may sequester more water than unplanted 
roofs, due to increased surface area created by root biomass and increased organic 
matter composition, leading to enhanced water-holding capacity (Berghage et al. 
2007).  Getter et al. (2007) suggest that increases in organic matter were responsible 
for a three-fold increase in water storage on experimental green roof platforms, 
although this was not the focus of their study.  Over a period of five years, the 
substrate WHC increased from 17 to 67%, and organic matter content increased from 
2.33 to 4.25 percent.  Though there has been historical debate as to whether or not 
increased percentages of organic matter increases substrate WHC, the majority of 
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studies which control for other factors (such as reduced particle size) find this 
relationship to be positive (Huntington 2006, Hudson 1994).   
 
Increased WHC is only beneficial if this enhanced storage is balanced by increased 
rates of plant ET, which actively removes water from lower substrate depths.  A 
greenhouse study simulating summer in Nova Scotia, Canada (Wolf and Lundholm 
2008) found that Sedum acre lost less water than unplanted controls under wet 
conditions; these findings were attributed to both lowered rates of ET due to 
shading,that could not compensate for higher WHC due to increased plant root mass.  
In the same study, rates of ET were faster for planted containers compared to 
unplanted ones under intermediate and dry conditions.  In these experiments, grasses 
had significantly higher rates of ET compared to both Sedum and herbaceous species, 
between which no significant difference in ET rates were found (Wolf and Lundholm 
2008).   
 
Rates of ET have been studied extensively for different green roof plant species.  In 
areas with frequent rainfall events, higher rates of ET are probably necessary to 
maintain mitigation green roof efficiency.  Laboratory experiments simulating a 
variety of rain frequencies and environmental conditions have shown that ET rates for 
Sedum species are 40 to 80% greater than evaporation from unplanted controls 
(Rezaei 2005, Berghage et al. 2007, Voyde et al. 2010).  Based on empirical models 
for climate conditions in 2007-8 in New Zealand, which receives 1240 mm of rain 
annually with 137 wet days > 1.0 mm (Voyde 2011), a 9-10% increase in stormwater 
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retention was predicted for green roofs planted with two different species Sedum 
mexicanum and Dysphyma australe, between which a 3-5% difference in retention 
efficiency was also expected (Voyde et al. 2010).  
 
In order to accurately assess the role of Sedum or any plant on the green roof water 
cycle, relationships between plant characteristics and effects on both water holding 
capacity (WHC) and ET need to be accounted for in experiments carried out under 
regional environmental conditions with rainfall frequency and intensity which are 
typical for the study area of interest.  In this study, we constructed replicated 
experimental green roof platforms that were either left unplanted or planted with 
Sedum album, Sedum sexangulare, or Sedum kamtschaticum (n=4 platforms per 
species).  This was done to quantify (1) whether and how these commonly planted 
species contribute to overall stormwater retention by green roofs in the mid-Atlantic 
region, and (2) whether specific differences in water use exist between these three 
morphologically and physiologically distinct species. We predicted that (a) planted 
green roofs would have higher water-holding capacities than  non-planted ones and 
that a positive correlation between substrate WHC and root biomass would be 
observed over time;  (b) planted  platforms would have higher rates of ET, which 
would be correlated with leaf area and total leaf area; (c) planted green roofs would 
have greater overall stormwater retention efficiencies, and that differing efficiencies 
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Platforms were constructed and maintained according to FLL standards (FLL, 2008).  
They were installed to have a 2% slope.  All green roof materials were purchased 
from Conservation Technology (Baltimore, MD). During late spring 2010, four 
replicate platforms were planted with monocultures of either Sedum spurium, Sedum 
album, or Sedum sexangulare planted as plugs (Emory Knoll Farms, Street, MD); 
four replicate platforms were left unplanted. For planted platforms, 25 plugs were 
planted per platform at evenly spaced intervals.  As per German guidelines, (FLL 
2008), slow release fertilizer was applied once per year in spring.  Two additional 
platforms were constructed and left as roofing membrane-only controls; these 
platforms were used to ensure that equipment measuring water inputs and outputs 
were functioning correctly and to provide some data on how standard flat roofs might 
perform under the conditions of this study.  All platforms drained into a gutter that 
was fitted with a rain gauge (see below).  
 
 3.2.2 Substrate moisture and runoff  
In a preliminary study, volumetric moisture content (VWC) was collected for four 
months from August through November, 2010.  Twenty-five sensors (a combination 
of 5TM and 5TE soil moisture / temperature sensors, Decagon Devices, Inc. Pullman, 
WA) were installed along the edges and in the center of four quadrants of three 
platforms (n=75): one unplanted, one planted in Sedum spurium, and one planted in 
Sedum album.  The objective of this preliminary study was to determine if there were 
any significant effects of position (i.e. edges, center, and mid-way between portions) 
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necessary using DataTrac software v.3.2 (Decagon Devices, Inc.), and from anywhere 
on the web, using Logmein (Woburn, MA) software. 
 
 3.2.4 WHC and evapotranspiration 
WHC was defined as the average substrate VWC sampled at the time at the end of 
each runoff period.  A runoff period was defined as a period of time over which there 
was no gap in runoff for a period greater than six hours.  Rain event boundaries were 
determined based on the ability to separate runoff responses.  Evapotranspiration (= 
evaporation + transpiration) was calculated as the change in average daily moisture 
content between rainfall events.  Evapotranspiration and WHC were evaluated by 
season as March-May (spring), June-August (summer), Sept-November (fall).  No 
data are presented for winter months (December-February) due to the frequency of 
freezing events during this time.  The VWC and runoff data were confounded, since 
substrate and runoff samples remained frozen for long periods of time, and could not 
be accurately related to rainfall events   
 
 3.2.5  Non-destructive analyses 
Root samples and canopy coverage estimates were taken from each platform at the 
end of each season.  Root biomass was sampled by taking three random 5-cm 
diameter soil cores, taken for the total platform depth (10 cm) from three quadrants of 
each platform (n=4), for a total of twelve samples per species. Root biomass samples 
from each core were washed, sorted, dried, and weighed.  Additional cores of the 
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extrapolated to whole platform canopy leaf area from this non-destructive canopy 
coverage analysis, which we refer to as total leaf area.   
 
 3.2.6 Statistical analysis 
The experimental design was a randomized complete block design with four blocks 
and four replicates of each treatment.  Differences in ET and WHC were analyzed by 
season using mixed linear modeling (PROC MIXED, SAS version 9.2, SAS Institute, 
Cary, NC) as were differences in runoff by season and by storm size.   Post-hoc 
comparisons were made using Tukey-Kramer honestly significant difference (HSD) 
testing and the macro pdmix800 (Saxton 1998).  Bulk density samples were 
compared between years with paired t-tests.  Root and above-ground biomass 
samples, as well as leaf area samples and coverage estimates, were analyzed using 
ANOVA with repeated measures and Tukey’s HSD post hoc comparisons (PROC 
GLM, SAS version 9.2, SAS Institute, Cary, NC).  Regression analyses (PROC REG, 
SAS version 9.2, SAS Institute, Cary, NC) were conducted to elucidate relationships 
between ET, WHC, root and above ground biomass, leaf area, and coverage data.  
 
3.3. Results 
 3.3.1 Weather summary  
Environmental conditions were fairly similar for both years (Table 3.1, Appendix D).  
Average daily air temp was slightly warmer in 2012 but only by one degree C.  
Average daily relative humidity was 69% for both years.  Average daily PAR was 
352 and 399 µmol/m2/s in 2011 and 2012 respectively, and average daily radiation 
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was 173 and 197 W/m2.  Over the course of both years, wind speed ranged between 
0.04 at a minimum in 2011 and 3.89 at maximum in 2012.  VWC ranged from 2.3 to 
33% in 2011 and from 2.4 to 34% in 2012 (Table 3.1).   
 
 3.3.2 Rainfall and Runoff  
From 2011-2012, 42 events less than 12.5mm represented 50% of the 84 total events 
observed during the two-year study period, in terms of frequency (Table 3.2).  Small 
storms accounted for only 14% of total rainfall, with medium-sized storms (12.5 to 
62.5mm), representing 51% of the rain quantity (Table 2).   Five large storms (> 
62.5mm) accounted for over 30% of total rainfall quantity during the two years. The 
largest rain event (180.2 mm total rainfall), occurred on 09/8/2011 during tropical 
storm Irene; the second largest storm event was for hurricane Sandy, (165mm) 
measured on 11/28/2012.   
 
During 2011, 1004 mm of rain fell at the study site; 965 mm of this total generated 
runoff from the platforms.   During 2012, 802 mm of rain fell on the study, of which 
746 mm resulted in measurable runoff.  Multiplying the total annual rainfall by 
platform area, the total rainfall volume was equivalent to 1311 and 1048L for 2011 
and 2012 respectively, which was used to estimate percent retention.   If the five large 
storms are excluded, between 45 and 56% of rain was retained in 2011 by the green 
roof platforms.  Annually, total runoff was 20% and significantly lower from 
platforms planted in S. kamtschaticum compared to the unplanted platforms (Table 








Table 3.1  Summary weather data for both study years including maximum (Max), minimum (Min) and average (Avg) 









































            
                        
2011 -1.50 17.10 33.16 0.69 352.36 173.41 0.15 1.41 3.89 2.30 33.00 
2012  1.75 18.59 33.08 0.69 399.23 197.02 0.04 1.10 3.53 2.40 34.00 
            







Table 3.2 Rain quantity (mm) and frequency distribution combined and grouped by year. 
 
          
















Year 1 Frequency 31 12 5 3 
 
1 1 1 54 
Year 2 Frequency 11 13 
 
2 2 1 
 
1 30 
Combined 42 25 5 5 2 2 1 2 84 
Combined percent total 
frequency 
50.00 29.76 5.95 5.95 2.38 2.38 1.19 2.38 
 
Cumulative frequency (%) 50.00 79.76 85.71 91.67 94.05 96.43 97.62 100.00
 
Year 1 Quantity (mm) 165.4 203 144.6 123 
 
63.6 124.6 180.2 1004.4
Year 2 Quantity (mm) 84.8 235.4 0 84.8 109.2 66.6
 
165.6 746.4
Combined (mm) 250.2 438.4 144.6 207.8 109.2 130.2 124.6 345.8 1750.8
Combined percent total 
quantity (mm) 
14.29 25.04 8.26 11.87 6.24 7.44 7.12 19.75 
 
Cumulative quantity (%) 14.29 39.33 47.59 59.46 65.70 73.13 80.25 100.00
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Table 3.3 Plant treatment effects on runoff (L) in 2011 by season, with large 
storms removed. Letters indicate significant treatment effects within each season 
on the same row.  Percent retention was also calculated for each treatment.  
Percent treatment effect compares runoff from unplanted and planted platforms.   
Mean separations by Tukey-Kramer HSD at p<0.05.  
      





            
Spring 161.24 151.48 156.33 176.86 0.583 
Summer 51.92ab 41.91b 57.55ab 64.44a 0.056 
Fall 195.92ab 171.96b 183.77b 217.58a 0.001 
            
Total 409.08ab 365.35b 397.65ab 458.88a 0.021  
            
Rain (L) 826 826 826 826  
%  retained    0.50 0.56 0.56 0.45   
%  treatment 
      effect 
0.11 7 0.13 N/A   
      
 
Total runoff from platforms planted in S. album and S. sexangulare was 11% and 
13% less, respectively, compared to the unplanted platforms, but these differences 
were not statistically significant (Table 3.3).   
 
During 2012, between 62 and 74% of total rainfall was retained by the green roof 
platforms (Table 3.4), excluding large storms.   In total, S. kamtschaticum stored more 
water compared to all other treatments except S. sexangulare (Table 3.4).  During the 
spring of 2012, the unplanted and S. album treatments were not different from each 
other, but there was significantly lower runoff from the S. kamtschaticum and S. 
sexangulare treatments, between which no differences were observed.  During 
summer, S. kamtschaticum had the least amount of runoff compared to all other 
species.  In fall, S. kamtschaticum platforms again had significantly lower runoff  
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Table 3.4 Treatment effects on runoff (L) in 2012 by season with large storms 
removed. Letters indicate significant treatment effects within each season on the 
same row.  Percent retention was also calculated for each treatment.  Percent 
treatment effect compares runoff from unplanted and planted platforms.   Mean 
separations by adjusted Tukey-Kramer HSD at p<0.05. 
 
Treatment  S. album S. kamtschaticum S. sexangulare Unplanted p-value
             
Spring  83.92a 68.17b 68.93b 94.98a 0.0004
Summer  67.79a 46.99b 65.19a 78.03a 0.002
Fall  77.81ab 55.12b 85.47a 84.76a 0.007
             
Total  229.51a 170.28b 219.59ab 257.75a 0.003
           
 Rain (L)  668 668 668 668   
%  retained     0.66 0.74 0.67 0.62  
%  treatment 
      effect 
 0.11 0.34 0.15 N/A   
      
 
compared to the other treatments, except for the S. album platforms from which 
runoff was intermediate of the S. kamtschaticum and unplanted platforms.  Runoff 
from S. sexangulare was not different from any other platforms in fall of 2012 except 
from runoff from S. kamtschaticum platforms (Table 3.4).  By far, the variable that 
best predicted runoff was storm size (Figs. 3.6a-b) for both years.  For small storms, 
the least amount of runoff was observed from platforms planted in S. kamtschaticum 
compared to all other platforms, and the most runoff was observed for unplanted 
platforms (Fig. 3.7a).  In this storm category, platforms planted in S. sexangulare 
generated less runoff compared to the unplanted platforms, and runoff from S. album 
platforms was intermediate of that from unplanted and that from S. sexangulare (Fig. 
3.7a).  No significant treatment effects were observed between medium and large 
storms in 2011(Figs. 3.7b, c). 
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Figure 3.6a-b   The influence of storm size on runoff and treatment effects 
for 2011(a) and 2012 (b) Cumulative rain, sorted by event size, is shown on 
the x-axis, and runoff in liters on the y-axis.   Vertical black lines mark 
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During 2012, storm size effects were only noted for small and medium storms (Figs. 
3.7a-b). For small storms, S. kamtschaticum had the least runoff compared to other 
platforms except S. sexangulare.  Runoff from S. album was not significantly 
different from the unplanted platforms or those planted in S. sexangulare.   Runoff 
from unplanted platforms was different from all platforms except S. album.  For 
medium storms, runoff from unplanted and platforms planted with S. album were not 
significantly different; however runoff from both these treatments were significantly 
greater than runoff from S. kamtschaticum.  Runoff from S. sexangulare platforms 
was intermediate of these for medium size storms (Fig. 3.7b).  
 
3.3.3 Evapotranspiration 
Total runoff was significantly and inversely related to ET only during the second year 
of the study in 2012 (Fig. 3.8).  An overall treatment effect was observed for seasonal 
rates of ET, though there was no season effect or season by time interaction (Fig. 3.9).  
During spring 2012, S. sexangulare used significantly more water than the other 
treatments.  During this same season, S. kamtschaticum used more water than the 
unplanted treatment, with S. album intermediate of these treatments.  In summer and 
fall of 2012, ET rates were significantly higher from S. kamtschaticum compared to all  
the other treatments, among which no differences in water use were noted (Fig.3.9).  
When summed annually, higher rates of ET were observed for S. kamtschaticum and 
S. album compared to S. album and the unplanted treatments, but differences were 





3.3.4 Aboveground biomass 
There was no overall time or treatment effect on average aboveground biomass, but 
there was a significant time (season) by treatment interaction (Fig. 3.10).  In fall 
2011, S. album had significantly more aboveground biomass compared to S. 
kamtschaticum, with S. sexangulare being intermediate of the two.  In summer of 
2012, S. kamtschaticum had significantly greater biomass compared with S. 
sexangulare, with S. album being intermediate of the two (Fig. 3.8). There was no 





Table 3.5 Differences in total annual evapotranspiration (mm) by species. Different 
letters within the same row indicate significant differences between treatments 
within each year. Mean separations by adjusted Tukey-Kramer HSD at p<0.05. 
 
 
Season S. album S. kamtschaticum S. sexangulare Unplanted p-value 
      
2011 147 162 183 123 0.09 
2012    147ab  184a   180a   122b   0.005
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Figure 3.7a-c Treatment effects on runoff for (a) small (<12.5mm) and (b) 
medium (<62.5mm) sized storms, and c) large ( >62.5mm) sized storms. Mean 
























































Figure 3.7c Treatment effects on runoff for (c) large ( >62.5mm) sized storms. Mean




Figure 3.8 Relationships between runoff and evapotranspiration summed by season 



































Unplanted ---- year one: y= 893.96x-0.38, R
2=0.049, p=0.09
 year two: y= 630.31x-0.0, R2=0.45, p=0.005
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Figure 3.10 Seasonal differences in aboveground biomass. Bars labeled with 
different letters represent significant treatment differences within each season.  










































Figure 3.9 Annual total evapotranspiration by treatment for each season in 2011 and 
2012.  Bars labeled with different letters represent significant treatment differences 










































































Table 3.6 Regression tables indicating any significant relationships between runoff (RO) with large storms removed, 
evapotranspiration (ET), root biomass (RB), aboveground biomass (AGB), water holding capacity (WHC),  leaf area 
index (LAI), coverage, and total leaf area for two Sedum species.  Parameter estimates provided.  Significant 






                         
  RO ET RB AGB WHC    RO ET RB AGB WHC 
RO . . . . .  RO . . . . . 
ET -5.910 . . . .  ET -1.710 . . . . 
RB 16.910 -5.600 . . .  RB -6.840 3.830 . . . 
AGB 24.110 -2.780 0.323 . .  AGB 38.200 1.970 -0.332 . . 
WHC 62.740 2.790 0.554 1.190 .  WHC 27.770 -18.230 -0.616 0.109 . 
LAI 0.075 -0.077 0.007 0.021 -0.001  Leaf Area -0.439 0.115 0.003 0.001 -0.003
Coverage 63.200 -5.050 0.547 1.190 0.261  Coverage 24.580 1.460 -0.122 0.551 0.958 
Total leaf 
area 
0.689 -0.070 0.006 0.018 -0.0001  Total leaf 
area 
0.064 0.091 -0.001 0.009 -0.002




Table 3.7 Regression tables indicating any significant relationships between runoff (RO) with large storms removed, 
evapotranspiration (ET), root biomass (RB), aboveground biomass (AGB), water holding capacity (WHC),  leaf area index 
(LAI), coverage, and total leaf area for Sedum kamtschaticum and all data combined.  Parameter estimates are provided.  .  




 All data 
 RO ET RB AGB WHC  RO ET RB AGB WHC
RO . . . . . RO . . . . . 
ET -5.250 . . . . ET -5.290 . . . . 
RB -52.90 1.250 . . . RB -13.590 -1.730 . . . 
AGB 6.880 -1.120 -0.031 . . AGB 10.460 -1.480 0.155 . . 
WHC 26.780 -3.220 -0.352 -2.950 . WHC 157.46 -11.180 -0.244 -0.620 . 
LAI -0.333 0.018 0.009 0.009 -0.002 Leaf Area 0.393 0.026 -0.001 0.002 -0.001
Coverage -57.480 -1.750 0.924 0.372 0.083 Coverage 29.370 -1.620 0.265 0.580 0.055
Total Leaf 
Area 
-0.779 0.005 0.016 0.017 -0.002 Total Leaf 
Area 
0.584 0.010 0.001 0.008 -0.0005
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3.3.5 Leaf Area and coverage 
Each season, average percent coverage was significantly different between species 
(Table 3.8).  In the spring, platforms planted in S. kamtschaticum had the least 
amount of coverage compared to the other two species, and in the summer, S. 
sexangulare had the least coverage.  In the fall, coverage was significantly higher on 
platforms planted with S. album compared to the other two.  There were also 
significant seasonal effects on total leaf area and leaf area index in 2012, in addition 
to season by treatment interactions (Table 3.8).  In spring, the deciduous S. 
kamtschaticum had less total leaf area compared to the other species, and during 
summer 2012, total leaf area was lower for S. sexangulare and S. album, possibly due 
to drought conditions experienced throughout spring and summer, 2012.  
 
Figure 3.11 The relationship between evapotranspiration and leaf area index for the 
four experimental green roof platforms planted S. sexangulare measured each 
season in 2012. 
 Leaf area index
























Table 3.8 Seasonal and treatment effects on coverage and leaf area for platforms planted in S. album (A), S. 
sexangulare (S), and S. kamtschaticum (K).  Within each season, numbers with different letters are significantly 
different from each other.  Mean separation by Tukey’s HSD at p<0.05. 
     
Season  Spring 12   Summer 12  Fall 12 
                     
                       




86.63a 59.99b 79.74a 
 
70.57a 67.94a 38.22b 
 
88.82a 74.81b 74.03b 
Leaf area index 
(cm2/ cm2) 
 
10.725 7.045 13.15 
 
5.945 6.875   7.87 
 
6.65ab 5.93b 10.45a 
Total platform leaf 
area (m2) 
 
12.185 5.52 14.09 
 
 5.52 6.11 3.905 
 
7.76ab 5.81b 10.11a 





 During fall 2012, leaf area index and total leaf area for S. sexangulare were nearly 
double, and significantly greater than S. kamtschaticum (Table 3.8).  Multiple 
regression analysis for the entire dataset, as well as subsets of the data grouped by 
treatment, showed few significant relationships between any measures of leaf area or 
coverage and rates of ET (Tables 3.6 -3.7);  nevertheless, rates of ET were significantly 
and positively related to the total leaf area of S sexangulare (Fig. 3.11).     
 
 3.3.6 Water holding capacity  
Water-holding capacity varied significantly between seasons (Table 3.9).  There were 
no treatment (species) effects, but there was a significant treatment by time 
interaction.  Averaging planted treatments together by season, WHC was significantly 
lower during summer of both 2011 and 2012, compared to the other seasons, except 
spring of 2012 (Table 3.9).  Within treatments, significant seasonal differences in 
WHC over time were observed compared to the unplanted control (Table 3.9), for 
which the Tukey-Kramer post-hoc test did not show any significant change in WHC 
throughout the study.  The WHC for S. album was lowest during summer of 2011 and 
2012 and these values were significantly different from all other seasons except 
spring 2012.  The WHC of S. kamtschaticum was the most variable of all treatments; 
measured values were highest in spring, 2011 and lowest in summer, 2012 (Table 
3.9).  For S. sexangulare, WHC was highest in fall of 2012 and significantly different 
from summer of 2011, with values from other seasons being intermediate. Overall 




Table 3.9 Seasonal differences in water holding capacity for unplanted vs. planted 
platform treatments (n=4), during 2011 and 2012.  Letters indicate significant 
differences between seasons, within treatments, over the two-year study period.  
Mean separations by Tukey’s HSD at p<0.05.   
 
             
Treatment 
Spring, 
  2011 
Summer,   
  2011 
 Fall, 
2011 
Spring,     
  2012 
Summer,  
  2012 
 Fall, 
2012 
              
              
S. album 0.189a 0.131b 0.185a 0.171ab 0.142b 0.199a 
S. kamtschaticum 0.186a 0.135bc 0.179ab 0.160abc 0.146c 0.192abc 
S. sexangulare 0.157ab 0.122b 0.191ab 0.123ab 0.157b 0.216a 
Unplanted 0.183 0.138 0.173 0.150 0.150 0.185 
 
Seasonal 
Averages 0.179a 0.132b 0.182a, 0.151b 0.148b 0.198a 
SE 0.007 0.004 0.004 0.010 0.003 0.007 
              
              
 
 3.3.7 Substrate bulk density and root biomass 
Bulk density was constant from 2011-2012, except for platforms planted with S. 
kamtschaticum (p<0.001, Fig. 3.12).  Root biomass increased significantly between 
2011 and 2012 for all planted treatments (Table 3.10).  On average, roots sampled in 
2012 were nearly six-fold greater than and significantly different from roots sampled 
in 2011. Within seasons, the only significant treatment effect noted was in the spring 
of 2011 when S. album root biomass was significantly greater than that  for S. 
kamtschaticum, and  root biomass for S. sexangulare was intermediate of, but not 
significantly different from, these two (Table 3.10).   
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Table 3.10 Average root biomass (g) per subsample (25cm3) by species for each 
season.  Differences within season for each treatment are indicated by different letters 
across rows.  Differences in annual seasonal values for all species averaged together 
are indicated by different letters within the seasonal average column.   
 
     
 S. album S. kamtschaticum S. sexangulare Seasonal 
Average 
 
     
spring 11 0.132a 0.012b 0.056ab 0.067a 
summer 11 0.103 0.049 0.065 0.072a 
fall 11 0.187 0.118 0.111 0.139a 
spring 12 0.454 0.250 0.202 0.302b 
summer 12 0.321 0.392 0.247 0.320b 
fall 12 0.340 0.341 0.173 0.285b 
     
     
 
Although not significant, another apparent difference was for spring of 2012, when 
root biomass of S. album was more than double than that of S. sexangulare and root 
biomass for S. kamtschaticum was 25% greater, but not different from  that for S. 
sexangulare.  No significant relationship was found between root biomass and WHC 
over the two years, either when the data was grouped by species (Table 3.6-7) or by 
season.  However a significant inverse relationship was observed between root 












Figure 3.12 Annual differences in substrate bulk density between unplanted and 
planted treatments, measured in August 2011 and August, 2012. Asterisk indicates 




Figure 3.13 Relationship between runoff averaged by season (large storms removed) 


























































y=-52.35x+73.39, R2=0.41, p= 0.02
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3.4  Discussion 
 
Plant effects on runoff.  The influence of any treatment effect is difficult to assess for 
yearly runoff data, due to the overwhelming influence of storm size on green roof 
runoff. If this effect were linear, ANCOVA analysis could be employed.  If not, in 
order to truly evaluate treatment effects on greenroof stormwater retention efficiency, 
the influence of storm size on runoff must be accounted for either by grouping the data 
by storm size or analyzing a different response variable such as evapotranspiration.     
 
Compared to the other species, runoff from platforms planted in S. album was not 
different from that of the unplanted platforms, in most cases.  It is likely that the 
reduced stormwater retention  by S. album was due to reduced ET (i.e. conservation of 
water) when this species transitions from C3 (under well-watered conditions) to the 
more water efficient CAM metabolism (as demonstrated in Chapter 2).  The CAM 
status of the other two species in this study has been questioned in the literature.  The 
common name for S. sexangulare is ‘tasteless’ stonecrop (Stephenson 1994), 
presumably because it lacks the malic acid accumulation typical of species known to 
strongly exhibit CAM.   Greater water use by S. sexangulare and S. kamptschaticum 
appears to be related to their growth rates and physiology. 
 
Even though S. kamtschaticum and S. sexangulare have similar annual ET rates, S. 
kamtschaticum outperformed S. sexangulare in terms of overall water use, and 
differences in runoff from platforms planted in the two species were greatest in the fall.   
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This difference is most likely related to the summer dieback of aboveground biomass 
by S. sexangulare (Figure 3.8), and corresponding effects on leaf area and ET (Table 
3.8). Nevertheless, S. kamtschaticum did have among the lowest measures of field 
capacity in our study, and it was the only species for which bulk density was 
significantly lower in the second year.  It is possible that in our climate with frequent 
rain, having a low water holding capacity is advantageous for the level of ET that the 
plants in this study exhibit.  
 
It is tempting to conclude that different runoff patterns seen from year one compared to 
year two are related to changes associated with plant age. This may be the case, but 
variable rainfall and weather (light and temperature) differences between years could 
well have had a significant influence on overall retention and runoff.   More research 
that separates the influence of abiotic conditions on green roof performance from the 
biotic influences is needed.   
 
Rates of ET and relationships with aboveground plant characteristics.  The range of 
annual ET totals, divided by the 275 days I report on each year, amounts to rates 
between 0.5 to 0.6 mm water per day.  This is within the range of 0.12 to 2.91 mm/day 
(Chapter 1), and the 0.5 to 3.6 mm/day (Voyde 2011) reported for drought-tolerant 
succulent species elsewhere.  Our low daily averages indicate that maximum rates of 
ET, typical of well watered conditions, were less common during our study.  Outside of 
the positive relationship between leaf area and ET for S. sexangulare (Figure 3.9), few 
relationships were found between ET rates and changes in average above-ground 
biomass, leaf area, and coverage.  This data indicates that plant physiological controls 
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on ET may be more important.  Still, even though between 80 and 86% coverage was 
achieved by the beginning of 2012 for S. album and S. sexangulare, it is also possible 
that growth patterns and processes had not stabilized for the plants in this study, and so 
relationships between ET and morphological characteristics might grow to be 
significant on more mature roofs.  This is most likely true for S. kamtschaticum plants, 
which were 6-months younger than the other platforms, and for which the most bare 
area due to winter leaf loss added variability to our measurements.    
 
Average WHC and relationship to below-ground biomass.  Although there were no 
overall treatment effects on WHC, the unplanted control was the only treatment for 
which seasonal effects were not significant (Table 3.9).  Thus, it may be possible that 
root effects on WHC may become significantly positive as the plants grow larger; root 
production was significantly higher in 2012 compared to 2011 (Table 3.9). 
Alternatively the roots may be binding substrate particles similar to soil ped-like 
structures, thus creating pathways for preferential water flow and thus reducing overall 
WHC (She 2010).  Support for this idea comes from the large reduction in both bulk 
density and water-holding capacity during summer 2012 (Figure 3.12, Table 3.9) for S. 
kamtschaticum, the species with the largest root diameter in this study.   It could also be 
due to the fact that drought conditions were experienced during summer and fall 2012, 
which may have hastened root turnover, and thus influenced WHC.  Finally, plant 
influences on WHC may be confounded by a variety of other factors inherent in the 
composition of the substrate, such as particle size differences, and so more research is 
needed on this topic.  
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Additional relevancy of results to green roof research.  Due to the high potential of 
storm size effects for masking real treatment effects, it is clear that comparison of 
different plant treatment effects should include multiple treatment responses.  These 
may include runoff for different storm size categories as well as species-specific rates 
of evapotranspiration.  Taking this into account, our data confirms industry 
observations (Michael Furbish, Furbish Company, Baltimore, MD; pers. comm.) that S. 
kamtschaticum  is possibly a better choice to optimize stormwater retention in the mid- 
Atlantic climate, especially compared to S. album in this study.   
 
What was apparent from these results was that Sedum species, despite their relatively 
low water use, do provide a measurable stormwater benefit compared to unplanted 
roofs in the mid-Atlantic region, as evidenced by the year 2 results in 2012.  This was 
despite lower-than average rainfall totals in spring and summer, which probably 
impacted plant performance in these non-irrigated treatments.  Even though there was 
variation in the seasonal performance and annual water use by the different species, 
these data provide a baseline for comparison with other species, especially natives, for 
which there is a growing interest (MacIvor et al. 2011).   
 
Those interested in using Sedum species as nurse plants on green roofs (Butler and 
Orians 2012) could use this information to match different natives to Sedum species 
that are most compatible. For example, S. album might make a better nurse plant 
because it uses less water than S. kamtschaticum. More research is necessary to 
determine whether species-rich green roofs could maximize stormwater retention or 
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whether selecting a few high-performing species would be better to achieve single 
targeted benefits (Cook-Patton and Bauerle 2012).   
 
Data from this work, especially regarding WHC, may contribute to the further 
development green roof models, since I did not explore how these data might have 
affected the water balance of different substrates of differing composition.  Others have 
also noted reduced WHC in the summer months (Sherrard and Jacobs 2012).  Care 
should be taken to incorporate this seasonal and perhaps other longer term temporal 
variability into green roof models.  
 
3.5  Conclusions 
Interestingly, our research hypotheses were only partially supported by our results.  
Firstly, it appeared that substrate WHC is not significantly related to sampled root 
biomass, and planted green roofs did not have significantly higher WHC.  I suspect this 
may have been because root biomass is not as relevant as other root properties such as 
root structure, especially with very fine rooted species such as S. sexangulare.  Our 
second set of predictions had some support; rates of ET were positively related to 
measures of leaf area, but only for S. sexangulare.  Planted platforms did have higher 
rates of ET, excluding S. album.  The reason for this is that the CAM physiology 
exhibited by S. album would have contributed to a lower stormwater retention 
performance.  Finally, our hypothesis that plants would have a significant overall effect 
on stormwater retention by green roof platforms is only partially supported by findings 
for S. kamtschaticum.  I learned however, that overall (annual) retention rates are not 
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the best response variable to analyze, in order to understand the potential treatment 
effects with varying storm size.  Other approaches to determining a treatment effect 
demonstrated here include assessing rates of evapotranspiration as well as reporting 
plant treatment effects on retention as a percentage of the retention totals from 
unplanted controls.        
 
This study provides insight into different morphological characteristics of three Sedum 
species and their water use in green roof environments during the first two years of 
establishment.  These results demonstrate that there are significant plant species-
specific and seasonal effects that can influence stormwater runoff, which are often not 
considered in other green roof studies, especially those of less than a year in duration, 
or in newly planted environments. The two species with the greatest stormwater 
retention efficiencies, S. kamtschaticum and S. sexangulare, also had the highest rates 
of evapotranspiration, and higher ET rates resulted in lower rates of runoff.  Since total 
runoff from platforms planted with S. album was only 10% less than runoff from 
unplanted platforms for both years, it is unlikely that this species has any significant 
stormwater benefit for the mid-Atlantic region; nevertheless, it is a hardy species which 
can survive significant periods of drought, which may be important for other greenroof 
design intents. Future work should address the complex relationships between plant 
physiology and environmental characteristics to further elucidate water use by 





4. Chapter 4.  The application of the FAO56 Penman-Monteith 




Mechanistic models can be used to understand how functional aspects of green roof 
and their structure relate to important ecosystem services, such as stormwater 
retention.  Because rates of evapotranspiration (ET) have been directly linked to 
stormwater retention efficiency (Voyde  et al. 2010, Chapter 2), investigating and 
calibrating ET equations used in predictive models is vital to the precision and 
accuracy of the model outputs. 
 
A growing body of research is establishing that standard ET equations can be adapted 
with some success to predict ET from green roofs, which is a major component of any 
water balance model, and the hardest to measure with any precision.  Rezaei and 
Jarrett (2006) tested a number of different predictive ET equations for green roof 
applications and found certain equations worked better under different environmental 
conditions, in greenhouse studies of Sedum album and Delosperma nubigem.  Of the 
various equations tested (Rezaei and Jarrett 2006), four have also been used and 
verified by others to predict ET from experimental mixed-species green roof modules: 
(a) the Penman and Penman Monteith equation (Feller 2011); (b) the FAO version of 
the Penman-Monteith equation (Hilten 2004, Prowell 2006, Schneider 2011); (c) the 
Hargreaves-Samani equation (Hilten 2004; Prowell 2006), and (d) the Thornwaite 
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equation (Kasmin et al. 2010).  These models were also included in a study by Voyde 
(2011) who tested several additional equations and found the FAO56 version of the 
Penman-Monteith to one of the most robust tools (the FAO24 was preferred) for 
predicting total ET for green roof experiments using D. australe and S. mexicanum.   
 
The FAO56 equations basically modify the standard Penman-Monteith equations 
used to predict ET by assuming the stomatal conductance and albedo of a reference 
grass crop.  These calculations are further modified by a ks coefficient to account for 
drought stress and a kc coefficient to account for physiological attributes of different 
plant species (Figure 4.1).  A key focus of research on adapting ET equations  
(originally designed for agricultural use) for green roofs has been to adjust the 
calculations for less than well-watered conditions. One recent study has found that the 
Thornwaite adjustment (Thornwaite and Mather 1955) works well with the ASCE 
version of the FAO56 Penman-Monteith equation (DiGiovanni et al. 2012).  Another 
study (Sherrard and Jacobs 2012) successfully used a different adjustment (based on 
Guswa 2002).  The FAO manual has recommended a similar equation (see below).   
 
Less is known about how to adjust this equation, using crop coefficients, to account 
for physiological adaptations by CAM plant species to drought stress.  It is because of 
these adaptations that Sedums are predominantly used for green roofs worldwide.  
Some unpublished work (DiGiovanni 2012, Voyde 2011) has suggested an overall 
green roof kc value is near 1 for well-watered conditions, indicating little difference in 
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The objective of this study was to determine whether species-specific differences in 
ET rates for three green roof species merit the use of different crop coefficients in the 
FAO56 equation for predicting evapotranspiration.  Furthermore, I sought to 
determine whether these kc values varied by species and season, and whether there 
were any additional variables which could be used to increase the precision and 
accuracy of the FAO56 Penman-Monteith equation, to predict daily water use from 
green roofs.  The equations were calibrated using 2011 data and coefficients were 
verified against for 2012 using regression analysis.  Lastly, these predicted crop 
coefficients were used to validate the species-specific outputs from a water balance 




4.2. Materials and Methods. 
 
4.2.1 Using the FAO56 Penman Monteith equations to estimate green roof ET 
The FAO56 equation is derived from the Penman Monteith equation (Chapter 1). 
This equation assumes some constant parameters for a clipped grass reference crop, 



















ET  ... Equation 1 
where ETo is reference evapotranspiration, Rn is net radiation at the crop surface, G is 
soil heat flux density, es is saturation vapor pressure, ea is actual vapor pressure, rs is 
the canopy surface resistance, ra is the bulk surface aerodynamic resistance, ∆ is the 
slope of the vapor pressure curve, γ is the psychometric constant, T is the average 
daily temperature  and u2 is average daily wind speed.  The equation can be adjusted 
for different crops by a “crop coefficient” multiplier (Figure 4.2; kc value) to account 
for species-specific differences in ET. Kc is calculated as the ratio of ETo to actual ET.   
 
For seasonal crops, different values are typically assigned throughout the year for 
changes in growth (leaf canopy). A further adjustment is made to account for less 
than well-watered conditions, by introducing a water stress coefficient, ks (Allen et al. 
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4.2.2  Model parameterization and data collection  
 
Environmental data and collection.  All environmental and soil moisture data were 
logged and transmitted using EM50R radio loggers (wireless sensor nodes; Decagon 
Devices Inc., Pullman WA). Air temperature and relative humidity (VP-3 sensor), 
wind speed (Davis cup anemometer), solar radiation (PYR, total radiation 
pyranometer), photosynthetic flux density (PPF, QSO-S PAR sensor) and rainfall 
(ECRN-100 tipping rain gauge) were continuously collected at the study site during 
2011 and 2012 (Appendix E; Figs E1-E5).   Sensor data was measured every minute 
and the 5-min averages logged by the EM50R nodes for the environmental (weather) 
data and the substrate moisture data (see below) from experimental green roof 
platforms  Data were transmitted and downloaded via a Decagon (RM-1) radio base 
station in the University of Maryland, College Park (UMCP) greenhouse complex, 
which was connected to a dedicated computer.  Data was downloaded and viewed 
whenever necessary using DataTrac software v.3.2 (Decagon Devices, Inc.), and from 
anywhere on the web, using Logmein (Woburn, MA) software, as described 
previously in Chapter 2. 
 
Experimental platforms for ET, VWC, and runoff verification:  Eighteen 
experimental green roof platforms (1.31 m2 along the interior margins) were 
constructed and instrumented at the University of Maryland, College Park campus 
from May – July, 2010 (Chapter 2).  Platforms were constructed and maintained 
according to FLL standards (FLL, 2008).  Two platforms were constructed and left as 
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roofing membrane-only controls; these platforms were used to ensure that equipment 
measuring water inputs and outputs were functioning correctly and to provide some 
data on how standard flat roofs might perform under the conditions of this study. The 
remaining sixteen experimental platforms were planted with either S. album, S. 
kamtschaticum, or S. sexangulare, or left unplanted.   
 
Four replicates of each planting treatment were monitored.  All platforms drained into 
a gutter that was fitted with a 40mL double-tipping rain gauge (TB-4, Hydrological 
Services, Lake Worth, FL).  Runoff data these rain gauges was collected at 1-minute 
resolution using a CR-10 data logger and two SW8A multiplexers (Campbell 
Scientific, Logan, UT).  The logger program included a calibration to account for 
water loss at high intensity.  Four substrate moisture sensors (Decagon 5TM) were 
deployed in the center of four quadrants, in each of the 16 experimental platforms. 
The sensors were positioned so that the prongs were facing upslope, and were 
oriented vertically to minimize interference with rainfall.  Sensors were calibrated at 
various times throughout the study, to ascertain variations in sensor performance 
(Appendix B).  Evapotranspiration was calculated as the difference in average 
substrate moisture content each day and assumed to be negligible during rain events. 
 
Simple water balance model:  Once ET can be correctly predicted, these calculations 
can be incorporated into a water balance model to predict runoff by setting 
precipitation (P) equal to ET plus change in storage, or substrate VWC, plus runoff 
(R) plus interception (I), which we set at 1mm for all species since no known records 
92 
 
of interception for Sedum species have been reported. 
 4.2.3 Model validation and verification  
Estimates of kc were averaged by season for each species whereby spring was defined 
as March-May, summer as June-August, and fall as September through November.  
The equations were calibrated using 2011 data and coefficients were verified against 
for 2012 using regression analysis.   
 
4.3.  Results and Discussion 
 4.3.1 Actual vs. Estimated Evapotranspiration (ETo).  
Figures 4.5 a-c illustrate the relationship between  actual ET and estimated ETo  for  
the three species in 2011.  The FAO56 equation consistently over-predicted rates of 
evapotranspiration.  This disparity was greatest during the summer months, when 
predicted daily ET rates were nearly double measured rates.   Differences between 
species were also evident.  As reported in Chapter 2, S. sexangulare had higher  ET 
rates than the other species during spring, though this difference was not statistically 
significant, due to high variability among replicates.  Total annual evapotranspiration 
was 147mm for S. album , compared to 162mm and 183mm for S. kamtschaticum and 




Figure 4.5a-c  Calculated ETo and actual measured ET in 2011 for experimental 
green roof platforms planted with (a) Sedum album and (b) Sedum kamtschaticum, 









































































Figure 4.5c Calculated ETo and actual measured ET in 2011 for experimental green 
roof platforms planted with Sedum sexangulare. 
 
Figure 4.6  Estimated kc values for each species in 2011 
 
































































 4.3.2  Calculating crop coefficients 
Since kc values are not well-defined for green roof species, I chose to estimate them 
after estimating ks, not before as recommended in the FAO56 manual (Figure 4.1). 
This was done to eliminate variation due to known relationships between ks and 
VWC before attempting to explain unknown variation.  After correcting for the 
influence of having less than well-watered conditions (ks), a large difference between  
ET predicted by FAO56 and actual ET was still evident (Figures 4.5 and 4.6).  Figure 
4.6 shows the kc estimates in 2011 and also the relatively large variation in these 
estimates, especially for values in fall.  As can be seen, species-specific differences in 
kc values were not easily discernible when viewed on a daily basis (Figure 4.6).      
 
The closer the value of kc  is to 1, the more accurate the FAO56 prediction; notably kc 
values for S. kamtschaticum were higher compared to the other two species, perhaps 
reflecting a higher level of C3 metabolic activity. As might be expected due to the 
smaller differences between actual and predicted ET in the fall (Figure 4.5) the kc 
values were highest for all species (Table 4.2).   This could be an indication that green 
roof plants are more physiologically similar to cool season grasses during this time.   
 
Table 4.3 Average kc values for three different Sedum species, by season in 2011. 
Species Spring Summer Fall 
S. album 0.27 0.31 0.59 
S. kamtschaticum 0.36 0.33 0.58 




Figures 4.7a-f show ET fits before and after crop coefficient corrections for 2011. 
Even after ks adjustments (Figures 4.7a-c), the FAO56 over-predicts ET by 
approximately a factor of two.  The slopes of the lines relating predicted ET to 
measured ET after kc adjustment ranged from 0.47 for S. album, to 0.58 for S. 
sexangulare.  Although the adjusted (ET adj) still over-predicts measured ET, the data 
are much closer to a 1:1 line after adjustment (Figures 4.7d-f).   
 
 4.3.3  Calculating different kc values for 2012 
Estimates of kc were higher for 2012 compared to 2011.  This indicates increased 
rates of ET for 2012 and agrees with measurements made in the field studies (Chapter 
3).  Different seasonal trends in kc were observed for S. album and S. sexangulare.  
Spring values were higher compared to the values for other seasons for S. 
sexangulare, and the reverse was true in 2011.  Fall values were lower for S album 
compared to the other two seasons, and the reverse was true for 2011.  The same 
overall trend in kc value was observed for S. kamtschaticum for 2011 and 2012, but 
the values were higher in 2012.  
 
Table 4.4 Estimated kc values for three different Sedum species, by season in 2012. 
Species Spring Summer Fall 
S. album 0.38 0.38 0.67 
S. kamtschaticum 0.62 0.85 0.79 




Figure 4.7  Regressions of predicted against actual measured values of ET for (a) S. 
kamtschaticum,(b) S. album and (c) S. sexangulare, before (a-c) and after kc 
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 4.3.4  Validating 2011 equations with 2012 data: 
Models predictions of 2012 data based on 2011 crop coefficients (Figures 4.8a-c) 
were poor, most likely to some of the issues discussed in Chapter 3.  Interestingly, for 
S. kamtschaticum, the adjustment resulted in an under-estimation of ET.  We attribute 
this lack of fit due to differences in plant development and physiology from year to 
year (Chapters 1 and 2), resulting in different rates of ET and substrate moisture 
content, used to calculate actual and predicted ET in 2012 (Figures 4.9a-c).  
 4.3.5  Substrate Volumetric Water Content   
 
Substrate volumetric water contents (VWC) were measured on a continuous basis 
throughout the 2-year period for all species (Figs. 4.9a-c).   These data were 
incorporated in the calculations of predicted ET, but what is very noticeable from an 
examination of the data are species specific differences the daily water use of water 
from the platforms especially in 2012.  An example of this is evident in spring  
(Figures 4.9a) where daily water use of S. kamtschaticum and S. sexangulare was 
greater than for S. album and the unplanted platforms;  however, during summer, 
2012, the performance of S. sexangulare was reduced from July onwards, due to 
unknown causes (Fig 4.9b). An example of the data for S. kamtschaticum is given in 
Appendix E (Figure E.1) with standard errors, to indicate the precision of the 
replicated sensor data.  This gives us confidence in these data for use in quickly 
evaluating the differences between species, in terms of daily water use.  Further 





 4.3.6  Relating kc values to plant characteristics. 
In order for the FAO56 Penman Monteith equation to accurately predict plant water 
use, the kc value has to as accurate as possible. Since above analysis has shown that kc 
values do vary by species and season, one approach may be to identify plant 
characteristics that can be used to predict kc from large datasets.  For example, I 
found that kc is related to plant coverage, though this relationship was not significant, 
most likely due to the lower plant coverage in 2011 (p=0.13, Figure 4.10).   
 
4.3.7  Using ET equations to estimate VWC : 
Once ET can be correctly predicted, these calculations can be incorporated into a 
water balance model to predict runoff by setting precipitation (P) equal to ET plus 
change in storage, or substrate VWC, plus runoff (R). As an example, Figures 4.11a-c 
show the  predicted runoff for (a) S. kamtschaticum, (b)  S. album and (c) S. 
sexangulare using both 2012 data and 2012 kc values (from Table 4.3).  As it stands, 
the simple water balance model over-predicts runoff by approximately 40% on 
average.  This disparity may be due our current lack of understanding of hydraulic 
conductance through substrates, which would introduce this kind of error into a 
simple water balance.  For example on June 12, an 8mm rain only resulted in a 2mm 
increase in VWC (Fig 4.11a).    
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Figure 4.8  The relationship between measured and predicted ET for (a) S. 
kamtschaticum,(b) S. album and (c) S. sexangulare in 2012, using kc values 
































































































































































































































































































































































































e of model 
erestimate 
olve refining
 stations in t
 it is apparen
imates of su












































mm; this is 
























 for (a) Sedu
 
Page 105 






 model to 















































































































Page 107  
 
4.4 Conclusions  
 
In summary, the advantage of using the FAO56 equation to predict ET is so it can be 
applied to green roofs for situations where actual rates of ET are unknown, and where 
measurement of runoff is difficult (e.g. in retrofit situations).  I have identified and 
provided some insight into how accurate kc-values can be estimated.   Nevertheless, it 
is obvious that more research needs to be done to confirm and further these results.  I 
found that kc-values for the three species were variable between season and species. 
This variation can be predicted in part by plant characteristics.  Long-term estimates 
of kc values, accumulated over many years for different green roof plant species may 
ultimately yield a more generalizable kc-value for use in this equation. Perhaps a 
better approach may be to use more mechanistic based equations such as the actual 
Penman-Monteith equation, incorporating measures of resistance and stomatal 
conductance for Sedum species.   
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5. Chapter 5.  Summary Discussion and Conclusions 
As part of the built environment, green roofs are being planned, accredited, and 
maintained as such.  But how can the ecosystem functions of living green roof 
ecosystems be optimized by owners and urban planners, as well as quantified by 
scientists and practitioners?  By the same token, how can ecological concepts be 
applied to these engineered systems?  Questions like these are typical in the field of 
urban ecology (Pickett and Cadenasso 2008) and are probably best answered through 
interdisciplinary approaches, which weave fundamental ecological research together 
with engineering principles in order to improve landscape designs (Felson and Pickett 
2005).  My research in this Dissertation attempts to incorporate elements of this 
approach, while focusing specifically on the influence of Sedum plants on the water 
cycle of green roof structures.   
 
 The chamber studies address important physiological questions about the influence 
of CAM physiology on individual species water use while at the same time providing 
valuable information that can lead to better green roof plant selection.  Though 
Sedum species are often lumped together in discussions about green roof plants, this 
research demonstrates extremely different physiological responses by S. album and S. 
kamtschaticum in response to decreasing water availability.  Perhaps the most 
interesting finding of this study and the field research was the very low efficiency of 
S. album, particularly in comparison to S. kamtschaticum. Despite their widespread 
use on green roofs there is still much to be learned or re-visited regarding the unique 
ecophysiology of many Sedum species. There is also a wealth of German literature on 
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this topic that needs to be unlocked for the English speaking world (Krupka 1992. 
Koehler and Poll 2010).   
 
The relevancy of the growth chamber results was illustrated at a larger scale in the 
field study results, especially during the second year (2012).  These results 
highlighted how green roof plant selection can inform designs for enhanced plant 
success and stormwater management.  Excluding large storms, platforms planted in S. 
kamtschaticum were 30% more efficient compared to the unplanted platforms in 
2012.  My results demonstrated that there are significant species-specific and seasonal 
effects that can influence stormwater runoff, but these could only be seen by taking 
into account the influence of storm size on runoff. The two species with the greatest 
stormwater retention efficiencies, S. kamtschaticum and S. sexangulare, also had the 
highest rates of evapotranspiration, and that higher ET rates resulted in lower rates of 
runoff.  S. album was the more drought tolerant species under the environmental 
conditions of this experiment.   Thus, for geographic areas with extended dry periods, 
S. album may be the preferred species compared to the other two, given its ability to 
survive.   
 
Now that this baseline information about the plants most typically installed on green 
roofs exists, future studies can compare the performance of these commonly chosen 
plants against other plant selections. For example, now that it is clear how these 
species perform in monoculture, these data could be compared to a study of these 
three species in community, to see if there was some synergistic effects in stormwater 
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performance that may well have been lost, especially during 2012 which had 
extended dry periods where S. sexangulare appeared to have reduced growth and 
efficiency.  More research to optimize plant selection can be justified now that plant-
specific effects on stormwater retention have been shown, especially when ongoing 
green roof management or renovation costs are considered.  Part of the issue with 
green roofs is the fact that they are biotic systems, and could therefore be expected to 
improve in performance, if they are well designed and maintained over time.   
 
Of course, the effectiveness of green roof plants, and green roofs in general, at 
retaining large storms is relatively low for current designs.  Nevertheless, treatment of 
small storms is very important, especially for managing runoff quality (Pitt 1999), 
especially in dense urban areas with combined sewage /stormwater (CSO) systems.  
To address stormwater challenges associated with larger storms, green roofs designs 
can be improved by increasing flow path length.  Furthermore, multiple management 
practices may need to be combined at the watershed scale (Brown et al. 2012).  
Greenroofs have an advantage over other low-impact design systems in densely built 
environments, in that they can be more easily retrofitted into the built environment 
(Dietz 2007).   
 
The modeling research results contribute to the growing range of studies regarding 
the elucidation of crop (kc) and stress (ks) coefficients that are being used to predict 
ET rates by green roofs.  The importance of accurately predicting species and seasonal 
ET rates was identified in Chapter 3 as key for predicting green roof stormwater 
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retention, as illustrated in the modeling results in Chapter 4.  This interdisciplinary 
approach sought to elucidate the key parameters to refine these coefficients, and to 
provide greater physiological context to the selected coefficients.  This work was 
greatly enhanced through the installation of a soil moisture and environmental sensor 
network which was able to monitor information at the temporal and spatial precision 
required, to understand these effects. 
 
The importance of being able to incorporate these fairly simple equations into green 
roof stormwater models is the ability to relate changes in design elements to system 
performance, in order to maximize performance for varying climates.  Ultimately 
these smaller scale models could be incorporated into larger scale watershed models 
that could assist in the management decision-making process.   The ability to sense 
green roofs at the small scale, to understand variability at the large scale, is currently 
limited only by cost.  However, having demonstrated the possibilities of this approach 
with a relatively dense sensor network that cost less than $25,000 illustrates that this 
cost is now within the bounds of some building managers.   Having models that can 
predict green roof efficiency and performance combined with cost-effective 
monitoring systems will become more important as communities become more 
committed to stormwater management.  For example, in Maryland the newly passed 
House Bill 987, assessing a stormwater fee, will raise awareness about stormwater 
challenges and should lead to incentive driven monitoring (CleanWaterBaltimore 
2012).   
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In summary, the research described here demonstrates a few strategies that will help 
contribute to quantifying the benefits of green roofs, to move us towards more 
sustainable urban design.  The incorporation of ecological experiments into green 
roof designs coupled with advanced new tools for data collection and assimilation can 
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Appendix C: Calculation of leaf area:  
 
Due to the cylindrical shape of the S. album and S. sexangulare leaves, leaf area per 
cm2 of platform surface area was determined using 1) leaf volume 2) average leaf 
height, and 3) equations for the surface area and volume of a prolate ellipsoid  and a 
cylinder for S. album and S. sexangulare, respectively:  
 
Volume of a prolate ellipsoid: 4/3πabc, where a=b=radius, and c=height  
 Eq. 1a 
 
Approximate surface area of a prolate ellipsoid: 
4π (apbpapcpbpcp/3)1/p, where p=1.061         
               Eq. 1b 
 
Volume of a cylinder: π * radius2 * height      
 Eq.2a 
  
Surface area of a cylinder: 2 π radius ( radius + height )     
 Eq.2b 
 
Leaf volume was determined by inserting all leaves from each sample, into a small 
volume syringe, and then dividing the measured volume by leaf number.   Average 
leaf height was measured for 3-12 leaves per sample.  These values were inserted into 
equations 1 and 2 above in order to derive leaf radius in equation a and solve for 
surface area in equation b.  The dry weight : leaf area ratio was then determined by 
regression analysis (Figures C. 1a-c). Leaf area was divided by sample area (6.84 
cm2) to determine leaf area index. This value was divided in half as per Chen and 
Black (1992). 




Figure 0.1a-c.   Equations relating leaf area (cm2) to dry weight (g) for (a) Sedum 
kamtschaticum (b) S. sexangulare, and (c) S. album.   Different numbers of points 
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Figure C.1.c   Equations relating leaf area (cm2) to dry weight (g) for (c) S. album. 
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Daily carbon gain (DCG): equals CO2 fixed over a 24 hour period.  Other studies 
may limit this calculation to the light period during the day; I define DCG as the 
net CO2 exchanged over a 24 hour period.   
 
Evapotranspiration (ET): the movement of water vapor from the surface of the 
green roof substrate, either directly (by evaporation), or through plants (by 
transpiration) 
 
Growth chamber: this is a controlled environment chamber in which abiotic 
parameters such as photoperiod, light level and temperature can be exactly 
controlled. In Chapter 2 we distinguish this term from “gas exchange chamber” 
which is a more specialized enclosure (see below) 
 
Gas exchange chamber: equivalent to a large cuvette used to measure gas exchange 
in open environments.  In Chapter 2 these were sealed acrylic boxes through 
which CO2 and water vapor flow were quantified every 10 minutes.     
 
Leaf area index (LAI): leaf surface area relative to the corresponding surface area of 
ground.  In Chapter 3, we present LAI results in units of cm2 / cm2.  Leaf area for 
non-flat leaves was divided by 2. 
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Rain event: We defined the start and stop times of rain events based on rain gauge 
data from the onsite weather station..     
 
Runoff:  runoff events were defined by the start and stop times of runoff rain gauge 
data, and considered consecutive unless more than 6 hours passed in between 
runoff events.   
 
Storage: storage and retention (see definition below) are used interchangeably 
throughout the studies  
 
Stormwater: is defined as precipitation that falls on non-soil surfaces and which does 
not infiltrate as would occur in an agricultural or ecological environment 
 
Stormwater retention: the volume of water retained by a green roof, relative to the 
volume rain water per unit area.  I assumed that any water that did not run off 
from the experimental platforms in this study was either retained or 
evapotranspired. 
 
Stormwater retention efficiency: in this dissertation I use the term efficiency to 
quantify the amount of water retained; it could also refer to the effectiveness 
relative to some other variable such as green roof cost.  
 
Stormwater removal: this term is used interchangeably with evapotranspiration  
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Stormwater intensity: this refers to the rate of precipitation falling on area over 
time.  This was typically measured on a 1-minute basis, averaged and plotted 
every 5 minutes.   
 
Water holding capacity: the amount of water held in the green roof substrate after it 
had drained.  For soils, is typically defined as the volume of water held by a soil 
at a potential of -33J/kg.  This is not relevant for green roof substrates due to their 
high porosity.  In Chapter 3, water-holding capacity is defined as the substrate 
moisture content one hour after rainfall ended.   
 
Water use efficiency (WUE): The amount of CO2 fixed relative to water used.  In 
Chapter 2, WUE is calculated as the DCG / daily ET.  See above for definition of 
DCG and ET.   
 
Wilting point: For soils, wilting point is defined as the amount of water held at -
1500J/kg.  Since this approach is not applicable to green roofs because they drain 
so rapidly and because Sedum typically show few signs of wilting, we propose 
numbers for wilting point for two species in this dissertation based on 
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